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WHY BURDEN A MOTOR 


WITH UNNECESSARY 
DEADWEIGHT ? 


Weight-saving wasn’t the aim of the Imagi- 
neer who first used cast aluminum rotors in 
his electric motors. He chose aluminum 
alloys of different electrical properties to 
vary the operating characteristics of his 
squirrel-cage motors. Today, this is standard 
practice with a number of manufacturers. It 
simplifies and speeds assembly and it cuts costs. 

Now, isn’t it time to be doing some Imagi- 
neering that has weight-saving as its purpose? 
Lighter motors may give you an inside track 
on many a postwar market. No need to take 
time off from vital war production; include 
it in your eighth-day thinking. 

Aluminum rotors are just a start in the 


right direction. Weight-saving can undoubt- 
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edly be accomplished by using aluminum 


alloys for other motor parts. Steel inserts 
can be cast integrally with the aluminum, 
providing necessary electrical and physical 
properties and, at the same time, cutting 
machining costs. The superior heat conduc- 
tivity of aluminum may even make higher 
horsepower ratings possible. 

The performance of aluminum in power con- 
ductors, for years past—over a million miles— 
long ago proved its dependability. Forward- 
looking electrical designers, who are visualiz- 
ing aluminum in new fields, have this 
evidence to support their Imagineering. 
ALUMINUM CoMPANY OF AMERICA, 2149 
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SALUTE TO THE WOMEN OF TOMORROW! 


Science will eliminate more and 


more household drudgery 


4 


ESEARCH AND INVENTION have been 
speeded up by the war— the tragedies of today 
will, in the not-too-far-distant future, be trans- 

formed into the blessings of peace. 


D F S | G N FE R S The women of tomorrow will step out of the bondage 


AND MANUFACTURERS of household chores into more zestful, more creative 
living. More and more, they will share with men in 


of all types of precision the re-making of this world. 


electrical apparatus 


including Typical of the forward-looking companies which will 


D.C. & A.C. Motors for translate the visions of today into the actualities of 
tomorrow is Small Electric Motors (Canada) Limited. 


specialized purposes 
Aircraft Generators 


Aircraft Engine Starters | This virile, rapidly-expanding industrial organization, 


Alternators . . . ¢ 
now engaged solely in war work, is planning an im- 
Motor Generators ovD nf ’ P g 


ies tare portant post-war future. From its large, modern plant 
Maths ait Crbernors will come electrical equipment of revolutionary design 
Gyros, ete. — for ships and planes — for factories and homes! 


Small Electric Meteors (Canada) Limited 


and its subsidiary 


Semce. Justriuments Limited 
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_ The Engineer and the War 


H.S. OSBORNE 


PRESIDENT AIEE 


HE subject of the engi- 

neer and the war is an 
intimate one and associates 
what are perhaps the two 
things we are most interested 
in at the present time; our- 
selves, the engineers, and 
the great struggle which is now in full blast to determine 
the future destinies of the world. 

The subject is also a generous one. The highly mecha- 
nized character of the war and the tremendous impor- 
tance in the war effort of production and of engineering 
and scientific development are such that there can be no 
question as to the essential relation of the engineer and 
the war. There is then a wide range of subject matter 
from which to choose in our discussion of the topic. 

One possible approach to the subject of the engineer 
and the war is to discuss the accomplishments of the 
engineer in contributing to the war effort. These ac- 
complishments have been very great. It is, of course, 
necessary that they should be great. Starting practically 
from nothing, 49,000 military planes were produced in 
1942. In 1937 there were 10 shipyards with 46 ways, 
capable of making ships 400 feet long or over. Now, 
there are 60 yards with 300 ways, with a total capacity 
of 20,000,000 dead-weight tons of shipping annually. 
In the major classes of military needs the production in 
1942 runs from 3'/. to more than 6 times the 1941 pro- 
duction. The production of 1943 will again be a large 
step up from that of 1942. 

One of the most striking figures is the horsepower of 
airplane engines required for the planes produced in the 
United States. Up to the end of 1943, considering only 
the number of engines necessary to equip the planes, 
and without allowance for a large percentage of spare 
engines, this will total 350,000,000 horsepower. ‘This is 
probably from 1!/2 to 2 times the total installed central- 
station power capacity of the world. 

These figures speak of accomplishments in which the 
work of the engineer has been a large and essential part. 
I speak of them briefly, however, because accomplish- 
ments are things done and hence belong to the past. 
This is a time when I believe we wish to think more 
about the present and the future. 

To some, the consideration of our subject in relation 
to the present may raise the question of the status of the 


engineer in the war effort. Is the engineer accorded 


Essential substance of an address presented at the opening session of the AIEE 
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The engineer’s relationship to the war effort 

and his responsibilities in that effort both as a 

citizen and as a professional man are subjects 

of interest to all engineers at the present 
time. 


adequate recognition for his 
contribution? Does he oc- 
cupy a position of leadership 
in the war effort which the 
importance of engineering in 
the war would justify? A 
recent letter received from 
an engineering group illustrates this point of view. 
They request that the Institute join them in urging that 
engineers be delegated to sit at the peace negotiations. 

Throughout my professional life I have heard from 
time to time discussions of the status of the engineer. 
It seemed to me that this whole question was put in 
proper perspective by a discussion more than 25 years 
ago by George F. Swain, in a joint meeting of engineering 
societies met to consider this topic. Professor Swain 
said, in effect, that if we believe the engineer has not 
received proper recognition, let us look to the engineer 
and his training for the causes for that lack of recognition 
and the remedies. If the engineer does not lead, said 
Professor Swain, it must be for the reason that he lacks 
the personal qualities of leadership, and, if he lacks 
these qualities, he ought not to lead. The question then 
comes back to ourselves, to study in what ways, indi- 
vidually and as a group, the engineer’s capacity of 
taking a broader part in the affairs of the world can be 
increased. If this point of view is accepted, it disposes 
adequately of this phase of the subject. 

If we turn now to the consideration of our subject in 
relation to the future, I believe it will suggest, at once, 
to many the responsibilities of the engineer in the war 
effort. 

The war brings increased responsibility to all, as 
citizens and as workers. This is an inevitable result of 
times which are crucial in the highest degree—times in 
which there are many more things to be done and more 
important things to be done than in any ordinary time. 
I do not propose to develop this thought further, but 
mention it, because, while we discuss here particularly 
our responsibilities as engineers, we must not forget our 
more general responsibilities as citizens. 

When we say that the engineer has a particularly close 
relation to the war because of the nature of the war ef- 
fort, we must at the same time recognize that this means 
also particularly great responsibilities. What are some 
of these responsibilities? 

Obviously, one responsibility of the engineer is to 
direct his specialized knowledge of engineering to the 
war effort to maximum advantage. He should be doing 
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the kind of work to which he can contribute his utmost. 
To some this may mean changing from what they are 
doing to some other work. To most it means continuing 
on one’s present job, but doing it better than he has ever 
done it before. All this seems to be very elementary in 
principle, though very complex in individual application. 

Many engineers have a responsibility in this matter, 
not only to themselves as individuals, but to the engineer- 
ing profession as a whole—a responsibility of helping to 
insure that engineers be correctly assigned in war work 
or in the armed forces, and that adequate engineering 
training be given to young men to insure a continued 
supply of necessary engineering talent to the armed forces 
and to industry. I believe that, with the recent develop- 
ments in Army and Navy training courses, the preferred 
status of the engineer in the draft, and other recent de- 
velopments, progress is being made in these matters. 

A responsibility of the engineer, closely related to the 
one we have just discussed, is to keep his mind open 
and his imagination active to the impact of changing 
conditions. We all develop, in our work individually 
and in our organizations, engineering habits. They are 
great conservators of time and effort and are as necessary 
to efficient work as the ordinary habits of the individual are 
to living. We are now, however, in a period of changed 
and rapidly changing conditions. The engineering habits 
of yesterday, at least many of them, do not meet the con- 
ditions of today. We need to restore in our own minds 
and in our organizations that habit of questioning every 
practice, however well-established, which is often the 
characteristic of a bright young man right out of college. 
I hope that we will question with more judgment than 
some of us did when we had just received the coveted 
diploma. The impact of the scarcity of materials on 
engineering practices, which is the subject of so much 
discussion in the Institute meetings this year, is a single 
illustration of this necessity of questioning and challeng- 
ing our engineering practices. 

In view of the close relation of the engineer to the war 
effort, he has, I believe, a special responsibility for civilian 
morale. ‘The engineer is a man ‘in the know.” He 
may be considered by the nonengineering citizen to be 
even more “‘in the know” than he really is. 
At any rate, his engineering knowledge 
tends to make him more influential than 
he may realize in determining the attitude 
of others toward the uncertainties, the 
inconveniences, and difficulties, and toward 
the optimisms and pessimisms which follow 
each other in rapid succession as the war 
flows on around us. 

Finally, I believe it is the responsibility 
of the engineer even now to plan ahead. I 
Say even now, because naturally our first 
responsibility is to give everything we have 
to advancing the war effort. But we want 
the war effort and the peace effort which 
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will follow it not only to be effective now, but to continue 
to be effective throughout the years which will follow. 
And one essence of engineering is that best results can 
be obtained only by planning ahead. 

Perhaps in speaking of planning ahead, I should first 
say that we should plan the planning. There is now a 
tremendous lot of talk going on and a good deal of effort 
being expended, which relates to the planning of industry 
for the post war period. The first step is to determine 
what planning should be done now and what planning 
should be postponed until a later period. 

I am of the opinion that there are no general truths 
as to when we should start with postwar planning and 
how fast we should go. I believe, however, that each of 
us, whether connected with manufacturing, with utilities, 
with education, or with other aspects of engineering, 
should seriously consider the subject from the standpoint 
of his own engineering activities, and determine what 
are the things which should come first and when those 
should be done. The postwar world will be full of prob- 
lems for all of us and it is certainly a necessary part of 
sound engineering to make forward-looking plans early 
enough so that they will be ready when needed. 

Of course, I have not touched upon all of the major 
responsibilities of the engineer in these war times. I 
hope that these illustrations, however, are sufficient to 
focus in the minds of all of us the point of view that the 
engineer does have-a special relationship to the war effort 
and, accordingly, has a special responsibility. If we 
keep this point of view before us as we think of the 
engineer and the war effort, we cannot go wrong. 


Precision-sighting of Garand semiautomatic rifles in quantity 
production for the United States armed forces can now be 
done with mirrors and without firing a shot through the use of 
this optical rifle-sighting gage developed by General Electric 
Company. The equipment, which was conceived by N. F. 
Barnes and K. R. Geiser (A ’38) of the general engineering 
laboratory, saves up to 13 rounds of ammunition formerly used 
in sighting each gun; permits the job to be done in less than 
two minutes per rifle by one worker, half the time it formerly 


required two; and takes less room than the average kitchen in- 
stead of the 100-yard rifle range needed by the former method 


Ultrashort Electromagnetic Waves 
1'V—Guided Propagation 
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When Doctor S. A. Schelkunoff presented the 
material contained in this article as a lecture 
before the basic science group of the New York 
Section, he remarked that it was ‘‘nonmathe- 
matical.” Certainly the electrical engineer will 
welcome any concept which allows an easier 
approach to the solution of certain problems 
involved in wave guides than the more com- 
plete equivalent field-theory method. In this 
fourth article in a series of six on ultrashort elec- 
tromagnetic waves, Doctor Schelkunoff combines 
transmission-line theory with optical analogy 
and derives useful relations for both wave guides 
and cavity resonators. The three preceding 
articles appeared in the March, April, and May 
issues of “Electrical Engineering.” 


PAULC,. CROMWELL, Chairman, Symposium Committee 
(College of Engineering, New York University, New York, N. Y.) 


HATEVER difference there is between the theory 

and practice of microwaves on the one hand and 
that of long waves on the other is due to the size of the 
transmission structures relative to the wave length. 
Anyone familiar with communication engineering will 
find the fundamentals of microwave transmission easy 
to understand, because no new ideas are required; but 
he should become used to keeping the order of magni- 
tudes in mind and be prepared to find that some con- 
ventional types of structures are no longer practicable 
because of the smallness of their size. The communica- 
tion engineer’s fundamental ideas do not have to be re- 
vised, because they are based on the laws of electro- 
magnetic induction which govern the behavior of all 
electromagnetic waves at high and low frequencies 
alike. For a review of these laws and their application 
to transmission lines, the reader is referred to the first 
two papers in this series." 

There are two methods of approach to the problem 
of wave propagation, either along ordinary two-conduc- 
tor transmission lines or along more general “wave 
guides” which include single-conductor lines. Both are 
based on the same fundamental laws of electromagnetic 
induction and are in a certain sense complementary, 
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each possessing its advantages and disadvantages. One 
of these methods may be called the ‘engineering 
method,” because in the past it has been particularly 
favored by engineers. The other is the ‘‘field-theory” 
method. But these names should not be taken seri- 
ously, and we certainly do not wish to imply that the 
engineers have ignored field considerations. The engi- 
neering method is based on the integral equations of 
induction, although the engineer hides the fact by pre- 
ferring to express these equations in a verbal form; the 
second method is based on the differential equations 
which readily follow from the integral equations. Both 
methods of solving problems can be exact; but it so 
happens that it is easier to solve the differential equa- 
tions in those few instances in which they can be solved 
exactly, and it is far easier to obtain good approximate 
solutions of the integral equations when solving the 
differential equations appears to be a thankless task. 
The engineer, who is concerned with complicated situa- 
tions, has picked the best available mathematical 
method. Consider, for example, a telephone transmis- 
sion line. For a pair of infinite parallel perfectly conduct- 
ing straight wires, we can find a simple exact solution of 
the differential equations. But the actual telephone line 
is not infinite, is not straight, and is not perfectly con- 
ducting; in fact, it is not even a pair of parallel wires but 
a twisted pair or a transposed pair. Under the circum- 
stances, the problem of solving Maxwell’s differential 
equations is hopeless; but the integral equations, par- 
ticularly when supplemented by a few measurements, 
lead at once to a highly satisfactory approximate solution. 


Figure 1. A con- 
ventional diagram 14 
representing atwo- uN Cdx ii 


trans- 
I am emphasizing the true nature of the engineering 
method, because at times it has been said quite unjusti- 
fiably that this method is essentially approximate and 
somehow inferior to the field-theory method. 

On the other hand, when the geometry of the trans- 
mission system is simple, it is easy to solve the differential 
equations; the scope of application of these solutions 
can then be augmented by using them in conjunction 
with the integral equations. 


conductor 
mission line 
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The concepts of resistance, conductance, inductance, 
and capacitance are very fundamental in that they are 
based on energy considerations and are quite independ- 
ent of the frequency. The resistance and conductance 
are merely the coefficients in the expressions for the 
electric power transformed into heat; the inductance 
and capacitance are the coefficients in the expressions 
for the magnetic and electric energies. When these 
energies are concentrated in small regions, the precise 
distribution is unimportant, and integrated values may 
be used; but generally they are distributed. Hence we 
have the conceptions of distributed resistance, conductance, 
inductance, and capacitance in “‘long circuits” or “‘trans- 
mission lines.”” It is no coincidence that the dimensions 
of the conductivity, the permeability, and the dielectric 
constant of a substance are those of conductance per- 
unit length, inductance per-unit length, and capacitance 
per-unit length. Through these conceptions of the so- 


Figure 2. Lines of 
force in a coaxial 
transmission line 


called ‘“‘circuit 
theory,” electro- 
magnetic oscilla- 
tions and waves 
may be treated 
as a special case 
of general La- 
grangian dynam- 
ics el hewudeas 
of resistance, in- 
ductance, and 
Capacitance, simple as they are, belong to advanced 
dynamics. 


TRANSVERSE ELECTROMAGNETIC WAVES 


In the case of transmission lines comprised of two 
independent conductors, it is possible for the nearby 
sections of these conductors to be oppositely charged 
and for electric lines to go from one conductor to the 
other. Magnetic lines surround either one or the other 
conductor, and we have a wave which is described as a 
transverse electromagnetic wave, for the reason that the 
electric and magnetic intensities are both perpendicular 
to the wires and hence to the direction of wave propaga- 
tion. The transverse voltage between the wires produces 
a displacement or capacitance current “in shunt” with 
the line, and this makes the longitudinal conduction cur- 
rent in the wires vary from point to point. The changing 
(with time) transverse magnetic field makes the trans- 
verse voltage vary from point to point along the line. 
Thus the voltage and current are propagated along the 
line, and the nature of this propagation is represented 
conventionally by the diagram in Figure 1, subject to 
the interpretation that the series inductance and shunt 
capacitance are continuously distributed. 
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The series impedance and shunt admittance per-unit 


length are respectively 
R=R+ jol, Y=R+ jo (1) 


where w=2z7f is the frequency in radians per second. 


Figure 3. Electric lines of force at low frequencies near the 
end of the inner conductor of a coaxial pair 


For the time being we shall ignore the series resistance 
due to the conductors and the shunt conductance due to 
imperfect dielectric between them. In practice these 
quantities deliberately are kept so small that it is possible 
to deal with the problem in two steps, that is, to neglect 
the effect of energy dissipation to begin with, and then 
to reintroduce it as the first-order correction. The 
propagation. constant is then 3 


T=V 2r= jwoV LC (2) 


In a traveling wave, the voltage, current, and field are 
proportional to e~*” where x is the distance along the 
line. Since T is imaginary, the absolute value of this 
exponential factor is unity at all frequencies, and only 
the phase changes along the line. Of course, energy 
losses in the resistance will cause a slow attenuation of 
the amplitude; but this will be dealt with later. 

If the dielectric between the conductors is homoge- 
neous, then LC=ye=1/v? where v is the velocity char- 
acteristic of the medium. In vacuum v~3X10* meters 
per second. ‘Thus we also write 

jo. 2a 


v 


/ 


— 
Ve) 


where J is the wave length. 

The actual values of L and C depend on the field 
configuration, and those for parallel pairs, for example, 
are different from those for coaxial pairs. There may 
also be different transmission modes corresponding to 
different field configurations and hence to different 
line constants (L, C) consistent with the same physical 
structure. If a pair of wires is surrounded by a cylin- 
drical shield, symmetric about the pair, there are two 
obvious transmission modes. In one mode the currents 
in the wires are equal and similarly directed, and the 
return current is in the shield; in the other mode the 
currents in the wires are equal but oppositely directed. 

The wave velocity depends only on the product LC; 
the ratio L/C becomes important when we come to 
consider the power carried by the wave. 
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‘magnetic lines are circles (Figure 2). 
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TRANSVERSE MAGNETIC WAVES 


_ We are all familiar with that mode of propagation in 


a coaxial pair in which electric lines are radial, and 


Let us see what 
happens if we terminate the inner conductor (Figure 3). 


Ldx Figure 4. A dia- 
gram representing 
the transmission 

Cdx properties of trans- 
verse magnetic 
— waves in wave 
gc guides 
dx 


The electric lines may be expected to bulge out as some 
charge will be induced on the outer cylinder beyond the 
end of the inner cylinder. The electric field beyond the 
terminated end will possess a certain amount of energy 
and may be represented by a small capacitance C, 
between the end of the inner conductor and the outer 
conductor. At low frequencies the impedance 1/jw(, 
is exceedingly large, and the coaxial pair is practically 
open in the electrical sense, as well as in the mechanical; 
but as the frequency increases, this impedance decreases, 
and the displacement current in the hollow cylinder in- 
creases. Now the displacement current, just like the 
conduction current, is surrounded by magnetic lines; 
thus with increasing frequency the magnetic field in the 
hollow cylinder increases, and we are no longer justified 
in ignoring it. Stronger charging currents will flow in 
the cylinder, and we begin to realize that the hollow 
tube is also a kind of transmission line in which the 
conduction current in the tube returns as the displace- 
ment current. The transmission diagram is therefore 
that shown in Figure 4 in which the series capacitance 
is included. Those familiar with filters will recognize 
the structure as a high-pass filter.” At low frequencies 


igure 5. Electric 
lines of force for 
the TM): 


wave 


the capacitive series impedance dominates the inductive, 
and the whole structure is capacitive; at high fre- 
quencies the inductive reactance dominates, and the 
structure becomes like the one shown in Figure 1. The 
effective inductance is diminished by the capacitance, 
and the wave velocity is increased. The two conditions 
occur respectively for frequencies less than and greater 
than the frequency at which the series capacitance 
resonates the series inductance; at this critical fre- 
quency, the series impedance and the propagation con- 
stant are reduced to zero. 


* It is a band-pass filter when L, C. C are lumped and a high-pass filter when they 
are continuously distributed as in the present case. . 
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The series impedance and shunt admittance are 


; 1 
a= sole Y= joC 


The propagation constant is then 


1 tart \ 
T= wL-+—: | jw = ates sett Neat 
(ie +g) (G) Lad aie) (5) 


When w is small, the quantity under the square root 
sign is positive, and T is real; the field is attenuated at 
the rate I’ nepers per meter. But when w is large 
enough, I’ becomes imaginary, and the field is no longer 
attenuated. The critical or cutoff frequency is given by 


1 P 
We = Wiz, (6) 
Below this frequency the wave is attenuated, even though 
there is no loss of energy; this means that the energy 
merely fluctuates between the source (the coaxial pair 
in Figure 3) and 
the tube. Above: 
the cutoff ‘ some 
energy passes into 
the tube and travels 
along it. 


r=0, 


Figure 6. The relation- 

ship between the free- 

space wave length \, the 

wave length in the guide 

\,, and the cutoff wave 
length }, 


An idea of the order of magnitude of w, and the corre- 
sponding wave length \, may be obtained from the 
following simple consideration. The series inductance 
L, representing flux linkages with the longitudinal dis- 
placement current, is independent of the area S' of the 
cross section. The series capacitance C, on the other 
hand, is proportional to S. Hence , is inversely pro- 
portional to +/S, and \, is directly proportional to /'S 
or to the radius of the tube. The exact value of C 
depends on the exact distribution of the longitudinal 
displacement current. For a rough approximation, 
assume that the distribution is uniform; then C=6S, 
and! L=y/8r. Substituting in equation 6, we have 
w,=2+/2 v/a, and 2ra=2+/2 X,=2.82A,, where a is the 
radius of the cylinder. A much better approximation 
may be obtained by assuming a distribution which 
conforms to the known fact that the longitudinal electric 
intensity, and therefore the displacement density, must 
vanish at the conducting boundary. However, for 
the exact is available, 


value namely 


circular tubes 
2ra=2.40X,. 


Introducing w, in equation 5 we have 


+ The inductance is then the same as for a wire carrying uniform current. 


Assuming that # >w, we write 


24 
Dey se (8) 
where X, is the wave length in the guide. This length 
is the span within which the phase takes on all values 
between 0 and 360 degrees. The wave length X, is 
infinite at the cutoff and then steadily decreases with 
increasing w. Every half wave length, the field is 
reversed and electric lines cannot go on extending as 
shown in Figure 3; they must assume the form shown 
in Figure 5 where the distance between successive 
clusters of lines is \,/2. Magnetic lines are circles 
linked with electric lines. 
The wave velocity in the guide is 


0g = fry (9) 


it is infinite at the cutoff and is seen to approach a con- 
stant value 1/+/LC as the frequency increases. But 
then Ag becomes small, the electric loops contract, and 
the field becomes substantially 
magnetic over the greater part of the cross section. We 
expect the velocity to become the same as in coaxial 
pairs, that is, the ‘‘velocity of light.’’ This is actually 
the case and we may now write 


, 2 2 
pee A eae ey eae (10) 
v wo? oN Noe 


where \=v/f is the wave length in the unlimited 
medium. The ratio 


nN ~~ 
“1 oa. a 
if plotted against \/X,, is represented by an arc of a 


circle of unit radius (Figure 6). 
Below the cutoff T is real and 


\ re ie 
DA, =27 4/1 —— =274/1-— (12) 

2 Ye 
The plot of ,/27 versus ),/d or f/f. is also a quadrant 
of a unit circle. Since X, is fixed by the dimensions of 
the tube, the plot represents the variation in I’. 

This wave is no longer completely transverse; only 
the magnetic intensity is transverse, and for this reason 
the wave is called a transverse magnetic wave. 

Suppose now we begin deforming the cross section of 
the tube. Magnetic lines, unable to penetrate the 
conductor, will adjust their shape to the new boundary. 
In tubes of rectangular and semicircular cross section 
the lines assume the form shown in Figure 7. The field 
tends to avoid corners; hence we may expect that the 
effective area of the cross section is smaller than the 
actual area and that the cutoff wave length is shorter 
than for a circular tube of the same cross-sectional area. 

Imagine a circular tube divided into two halves by 
a conducting partition along a diameter (Figure 8), and 
let waves of equal intensity be excited in each half in 
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transverse electro- 


such a way that magnetic lines are oppositely directed. 
The conduction currents in the two sides of the partition 
are also equal and oppositely directed; hence, their 
effect on the field is canceled, and the partition can be 
removed without disturbing the field. Thus we obtain 


Figure 7. Magnetic lines of force for principal transverse 
magnetic waves in wave guides of noncircular cross section 


another mode of transmission in the circular tube. The 
cutoff wave length is proportional to the square root of 
one half of the cross-sectional area and is smaller there- 
fore than for the previous’ transmission mode. It be- 
comes evident that there will be an infinite number of 
possible transmission modes. It is particularly easy to 
enumerate them in tubes of rectangular cross section. 
Divide the tube into mn cells as shown in Figure 9. In 
each cell establish a wave of the type shown in Figure 7, 
taking care that the polarities in adjacent cells are 
opposite. If the 
intensities of these 
waves are equal, 
the partitions 
may be removed 
without disturb- 
ing the field. 
This wave is 
called a TM,,,,' 


Figure 8. Mag- 
netic lines of force 
for a TM; wave 
in a circular guide 


wave and it may be launched by taking mn parallel 
wires which carry oppositely directed currents as shown 
diagrammatically in Figure 9, and which are abruptly 
terminated at some cross section of the tube. The 
cutoff frequencies evidently increase as m and n increase. 
The values of L, C, C depend on the shape and size 
of the cross section of the tube and on the particular 
mode. 


TRANSVERSE ELECTRIC WAVES 


Consider now a transmission line comprised of two 
parallel wires. Suppose that we insert a conducting 
loop ABC in shunt with the wires as shown in Figure 10. 
At low frequencies this loop is a practical short circuit, 
of course; but, as the frequency increases, the impedance 


+ TM—Transverse magnetic. 
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f the loop increases, and we have merely a shunt in- 
-ductance added to the existing shunt capacitance, By 


_ placing a succession of such loops along the line, we 
_ change the structure from that of Figure 1 to that of 
’ Figure 11. 


, 


A continuous succession of loops on either 
side of the parallel pair transforms it into a hollow tube 
(Figures 12 and 13). 

At low frequencies 


the shunt inductive ! 
impedance is low, the nv 
Capacitors are by- | 


passed, and the whole 
structure is an induct- 
ance; but at high 
frequencies the induc- 
tive impedance is high, 
and the structure _be- 
comes similar to that 
in Figure 1, with the effective capacitance diminished 
by the parallel inductance. The cutoff frequency 
which separates these two frequency ranges is that at 
which the shunt admittance vanishes. 
The series impedance and shunt admittance are 


Figure 9. A diagram illustrat- 
ing the generation of a TM,, ,, 
wave in a rectangular guide 


Z=iwl, Y=iwC+—; (13) 
tol 

The final form for the propagation constant is the same 

as for transverse mag- 

netic waves, as given by 

equation 10. Above the 

cutoff the wave length in 


Figure 10. A pair of wires 
with a conducting loop in 
shunt with them 


the guide is longer than the free-space wave length to 
which it is related by equation 11; below the cutoff T 
is real and is given by equation 12. 

Whereas in the case of transverse magnetic waves the 
conduction current in the tube is longitudinal, in the 
present case it has also a transverse component. The 
transverse conduction and displacement currents are 
naturally 180 degrees out of phase. 

The electric intensity is transverse as shown in Figures 
14 and 15, but the magnetic intensity has a longitudinal 
component associated with the transverse current. 
Magnetic lines form loops (Figure 16) surrounding 
electric lines. Such waves are called transverse electric 
waves. 

In a rectangular tube these waves may be produced 
by a small doublet antenna placed parallel to the short 
side. By placing two such antennas energized 180 de- 
grees out of phase we may set up a wave with electric 


+ TE—Transverse electric. 
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lines as shown in Figure 17. Evidently the cutoff fre- 
quency for this wave will be double that of the wave in 
Figure 14. Similarly we may produce m field reversals. 
Still another mode of transmission may be generated 
with four doublets as shown in Figure 18; the arrows 
on the doublet show the relation between the currents 
in them at any given instant. If the doublets are not 
balanced, we may have waves of the preceding types 
superimposed on that of Figure 18. Out of this field 
pattern all higher mode patterns are obtained by imag- 
ining the guide divided into cells as in Figure 9. 

Having enlarged our picture to show the great variety 
of transmission modes possible in a hollow tube, we 
must now realize that such modes are possible also in 
coaxial pairs. ‘These modes have remained unnoticed 
in conventional practice, because their cutoff frequencies 
are high, and in low frequency practice they manifested 
themselves only as “‘end effects.” 


FIELD DISTRIBUTION 


In order to couple a two-conductor transmission line 
to a generator, we merely connect their respective ter- 
minals. Consequently, we are not particularly inter- 
ested in the field intensities E and H and are concerned 
chiefly with their integrated values, the transverse volt- 
age between the wires, and the longitudinal current in 
them. But there are many ways in which a generator 
may be coupled to a hollow tube; for example a small 
antenna or a small loop might be used and might be 
inserted at different points of the tube. For this reason 
we become interested in the details of field distribution. 
Following the line of thought taken in the preceding 
sections, we can obtain a satisfactory qualitative idea of 
field distribution, and this method is the only one avail- 
able when the cross section is not one of the few simple 
shapes amenable to exact calculation. 

It is beyond the scope of this paper to go into details 
of the general case. Fora TE), o wavel in a rectangular 
guide the exact field may be calculated as follows: 
When the magnetic intensity H is eliminated from 
Maxwell’s equations, it is found that each Cartesian 
component of the electric intensity £ must satisfy the 
wave equation 


2 2 2 4x? 
Swot CAE ant (14) 


Ox? ra) y Oz? = 2 


A diagram representing the transmission proper- 


Figure 11. 
ties of transverse electric waves in wave guides 


pS) 


In the wave under consideration we have only one 
component of £. Assuming that the x axis is along the 
longer side of the rectangle (Figure 14) and the » axis 
along the shorter, we observe that £, is independent of 
the » co-ordinate. Since £, is also proportional to, 


Figure 12. Relative directions of the longitudinal and trans 
verse conduction and displacement currents in a rectangular 


wave guide for the TE;,) wave 


e-"*, so that its second derivative with respect to z is 


TE), we have from equation 14 


2 An? 

Ox? oes SF 
or 

OF 47° 

ic -(r+3)s, (15) 


This equation indicates that £, is a sinusoidal function 
of x. Since £, must vanish on the boundaries, x=0, 
and x=a, it must be proportional to sin (mmx/a) where 
m is an integer; thus 


MAS 
E, = Eo sin —e 
a 


(16) 
For the TE,» wave m=1. 

Substituting from equation 16 in equation 15, we 
have 


me? Oe Fp fee ; 
a n? panos a) 
The cutoff wave length of the TE,,,, mode is then 
a 
Xm, 0=—> 1, 0=2a (18) 
m 


Knowing £,, we can obtain H, and H, from Maxwell’s 
equations; thus 


mak 


Hels ISA H,= j cos Cue (19) 
1wua a 
where 
5 eee 
Fee (20) 


When m=1, the maximum E is in the central plane 
as indicated by the density of the lines in Figure 14. 
The transverse H, being proportional to B, is ‘similarly 
distributed; hence it is maximum in the central plane 
and vanishes at the walls parallel to E. At the surface 
of each wall this H component determines the longi- 
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tudinal conduction current; the latter is confined there- 
fore to the walls perpendicular to £ and is sinusoidally 
distributed. The longitudinal H is also sinusoidally 
distributed except that it vanishes in the central plane; 
the distribution’ of the transverse conduction current 
conforms to this H component. In the walls parallel to 
E the current is exclusively transverse. 


IMPEDANCE 


In ordinary communication engineering, the line 
equations may be derived first in terms of distributed 
constants L and C; but soon these constants recede into 
the background, and the attention is centered on the 
secondary or derived constants, the propagation con- 
stant I and the characteristic impedance Kk. The 
latter may be defined with reference to a progressive 
wave along the line as the voltage/current ratio (V/J); 
it may also be defined on the power-current basis or on 
the power-voltage basis as in the following equations 


[Ae 
2K * wy 


V 
kK Vilar 


1 
W=-Ky,Jl*, W= 
7 gw 


(21) 
In these equations V is the transverse voltage, J is the 
total longitudinal current, W is the complex flow of 
power, and the asterisk indicates conjugate complex 
numbers so that //*, for example, is the square of the 


current amplitude. For transverse electromagnetic 
waves 
Ky,7=Ky.1=Kyy =k (22) 


but otherwise these three impedances are different. 
Above the cutoff W is real, and therefore the K’s are 
real; then we may write the above definitions simply as 


vi 1 v2 


Kees a ehh 23 
VI= 7 ah wr wy (23) 
Evidently we have 
Kyr=V Kw.ikwv (24) 
<_ 
ae 
I 


Figure 13, Relative directions of the longitudinal and trans- 
verse conduction and displacement currents for the 
TE, wave in a circular wave guide 


In wave guides we are also concerned with field in- 
tensities, and the most basic of all impedances is defined 
as the ratio of the transverse field components 

Ey 


Kee 
z H, 


(25) 
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In computing K, the positive directions of FE, and H, 
are so chosen that the real part of K, is never negative. 
The average power carried by the guided wave is 
obtained by integrating 1/2(E,XH,*) =1/2(K,HH,*) 
_ over the cross section of the guide. Thus all integrated 
impedances are expressible in terms of the wave 


, | | Figure 14. Distri- 
bution of trans- 

va ar verse electric lines 

for TE,» waves 


impedance A,. Above the cutoff for all transverse 
magnetic waves we have 


Kay (-£) =i (26) 
A P Pp 


and for all transverse electric waves 


A apy Pato all er Ca Wilds 
¥-(: #) s7( 1 #) (27) 


The numerical coefficients are for wave guides free from 
dielectric matter. 
For the TE;» wave in a rectangular guide we find 


xb b \— 2 
fe eet Seo 
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where a and 34 are the lengths of the sides respectively 
perpendicular and parallel to E. The voltage V is the 
maximum voltage. 

For the TE; wave in a circular guide we have 


K 520(1—~ i 
mer =~ 2 


Ae \ 2 


SOO ae 
Ky, = 764( 1 -“) 


For the TMo,1 wave! in a circular guide 
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The voltage V is the transverse voltage from the axis 
to the boundary. 


For the TM), wave! ina rectangular guide 


ee 30mab te 
WI ip, 
_ 15mkab Ie (31) 
m7 8(a+o) YO ft 
2 480ab fe 
1 PT a Batre, 
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The voltage V is the transverse voltage from the axis of 
the guide to the boundary; in all the above cases J is 
the total longitudinal current. 

All these impedances are of interest in problems in- 
volving gradual changes in the size of the cross section; 
in order to minimize reflections the characteristic im- 
pedance should be kept constant. If the shape of the 
cross section remains the same, it does not matter which 
of the integrated impedances is used. When the shape 
changes, the picture becomes more complicated. Gen- 
erally speaking, the integrated impedances based on the 
power flow are more useful than the voltage/current 
ratio. 

Finally, we are particularly interested in the impe- 
dance seen by the coupling device, since this impedance 
governs the transition of power from the device into the 
wave guide. Such impedances have to be calculated 
(or measured) for each type of coupling. 


ATTENUATION 


When an electric current flows through an imperfect 
conductor, a heating effect takes place, and the energy 
transformed into heat is abstracted from the energy 
traveling along 
tnetine. (In the 
case of a TMo 1 
wave ina circular 
guide, for  in- 
stance, the resist- 
ance R per-unit 
length of the 
outer conductor 


Figure 15.  Dis- 

tribution of elec- 

tric lines for 
TE, 1 waves 


is the same as in a coaxial pair, since the current distri- 
bution is the same. The power lost in a length dz of 
the tube is then 1/2(RI?)dz; and if W is the power 
carried along the guide, then 


dW = —>RIdz 22) 


+ The wave with circular magnetic lines. 


{ Corresponds to the TMo,1 wave in a circular guide. 
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Figure 16. Magnetic lines of 
force for TE), 9 waves in a rec- 
tangular wave guide and for 
TE), 1 waves in a circular wave 


guide 


® 

Figure 17. Distribution of 

electric lines of force for 
TE: » waves 


Dividing this by W as given in terms of J by equation 
23, we have 


dw R 
mdz (33) 
Ww Ky.r 
' where the ratio R/Ky,, is independent of z. Hence 
W is an exponential function of z 
R 
W=W) exp (- :) (34) 
Ky.r 


The power is proportional to the square of the current, 
and therefore 


R 
ok 


T=Ie—@, (35) 
The exponent a is called the attenuation constant. 

In this derivation, we have assumed that the power 
absorbed by the conductor is a small fraction of that 
carried by the wave, and that consequently the field 
distribution and Ky, , are not significantly affected. In 
the immediate vicinity of the cutoff where K,,, ; is nearly 
zero, the preceding formula is not good. In this region 
a formula for a may be obtained by noting that dissipa- 
tion effects are due to resistances in series with the in- 
ductances (in Figures 1, 4, 11) when power is dissipated 
in conductors, and to conductances in parallel with the 
capacitances when the loss of power takes place in the 
dielectric. For the TMo 1 wave, the propagation con- 
stant at the cutoff is then 


1 
T= joRCy,1r=a(1+ J), a= \; wRCy,7 (36) 


In the case of transverse electric waves, the attenua- 
tion constant has two terms, one representing the power 
loss due to the longitudinal current, and the other the 
power loss due to the transverse component. Suffi- 
ciently above the cutoff the first term is proportional to 


ve and the second to 
ed) Se jf’ as may be seen 
aaa 


from equation 13. 
The attenuation is 
Figure 18. Distribution of elec- 
tric lines of force for 


high close to the cut- 
TE, 1 waves 


off, because very little 
power is carried by the 
wave; as the frequency 
increases, the attenua- 
tion first decreases be- 
cause of the increased 
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Figure 19. Sur- 
face resistance of 
copper conductors 
as a function of the 
wave length 


Generally 

R=V muf/g ohms 
where if ts the fre- 
quency, mw the permea- 
bility in henrys per 
meter, and g the con- 
ductivity in mhos per rs 6 FEL es) 

meter WAVELENGTH IN CENTIMETERS 


SURFACE RESISTANCE RIN OHMS 


power carried by the wave; then the latter reaches 
a constant value, and the attenuation becomes pro- 
portional to the surface resistance of the conductor and 
therefore increases as ~/ f. 

The attenuation may be expressed conveniently in 
terms of the resistance ® of a unit area of the conductor 
(Figure 19). Thus for transverse magnetic waves in a 
circular tube we have 


o R (i-#)" 
eo 


€ 


R fev 1/9 ; 
= rr, (: — pi nepers per-unit length (37) 
a 


For a TE, ; wave ina circular tube we have 


R aN 1/9 ( £2 4 : 
a=—| 3. oS —2.65{ 1—— NO 38 
AE ro(1 ie) p (38) 


and for a TE; o wave in a rectangular tube we have 


eG 1-272 ee — 1/3 
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For a more complete list of attenuation formulas, see 


reference 4. 

The attenuation constant does not actually become 
either infinite or even large at f,. Thus for the TMo1 
wave in an empty circular tube at that frequency for 
which the series reactance per-unit length vanishes, 
a=VR&/60ar. This frequency is fi= f,(1 —Ra/346X,), 
where f/f, is the cutoff frequency when R=0. For fre- 
quencies lower than /,, the attenuation is practically 
independent of ® and is given by equation 12. There 
is only a very narrow frequency range in the vicinity of 
fi and f, where neither equation 12 nor equation 37 is 
applicable; the point corresponding to /; may thus be 
used for joining the two attenuation Curves. 


REACTORS IN WAVE GUIDES 


When a capacitor or an inductor is placed in shunt 
with an ordinary transmission line, it causes a ‘local 
storage of energy. Part of the energy traveling along 
the line is withdrawn from it during one half of the 
cycle and returned during the other. In effect we have 
a virtual generator? which sends waves in both direc- 


t A generator which on the average contributes no power. 
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B c 
Figure 20. Irises in rectangular wave guides 


tions; the wave traveling back to the actual generator 


is called the reflected wave. More generally a reflection 
takes place at any impedance discontinuity. 

Similar conditions exist at impedance discontinuities 
in hollow tubes. Consider, for example, a rectangular 
guide, and introduce a metal partition to block partially 
the passage of the wave. If the frequency is between 
the lowest cutoff frequency and the next higher, the 
energy is transmitted over large distances in only one 
mode (TE;,o). The current in the partition will pro- 
duce other modes as well, but these are attenuated with 
the distance from the partition and thus will represent 
a local storage of energy. When the edges of the parti- 
tion are parallel to the electric vector, as in the arrange- 
ment shown in Figure 20A, the current may flow freely 
from top to bottom, the local field is largely magnetic, 
and the partition behaves as an inductance. In the 
arrangement shown in Figure 20B, charges are accumu- 
lated on the upper and lower parts of the partition, the 
local field is largely electric, and we have a capacitor. 
In the arrangement shown in Figure 20C the reactance 
may be either inductive or capacitive, depending on the 
relative dimensions of the slit. The shunt inductance 
may actually resonate the shunt capacitance, thus 
making the shunt impedance infinite at some particular 
frequency; then the partition will not be seen by the 
wave which will pass through the slit without reflection. 


Figure ae Ie A 
source of light in- 
side a metal tube 


Figure 22. An 
antenna inside a 
metal tube 


The conditions become different when the frequency 
exceeds the second cutoff frequency. Whatever frac- 
tion of the energy passing the partition happens to be 
taken from the first mode and transformed into the 
second is lost to the first mode. The partition will then 
act not only as a reactive discontinuity, but also as a 
positive resistance to the original incident wave and a 
negative resistance to the second mode. A similar 
situation exists if an antenna is inserted in shunt with a 
parallel-wire transmission line; the radiated energy is 
lost as far as the plane wave guided by the wires is 


ca 
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concerned, and at the same time we have a source of 


the energy carried by the spherical wave emitted from 
the antenna. 


OPTICAL ANALOGIES 


In the foregoing discussion of wave guides the trans- 
mission-line aspect has been emphasized for a perfectly 
obvious reason: the wave guides are of practical inter- 
est, because they are transmission systems. In the 
initial stages, however, when we are trying to become 
familiar with an unfamiliar phenomenon, any connec- 
tion with something we think we know well is very 
helpful. Even the most elementary books in physics 
discuss light waves and uniform plane waves, and most 
everyone knows that antennas radiate energy which 
may be picked up somewhere else. We shall now look 
at wave guides from a point of view which is particularly 
congenial to the physicist and acceptable to the radio 
engineer, but alien to the wire-communication engineer, 
and at best is quite limited when one wants to make a 
full use of wave guides as transmission systems. 

Imagine a source of light inside a metal tube. Waves 
are emitted in all directions and are reflected in some 
such fashion as that indicated in Figure 21. The 
emitted energy will be directed’ along the tube, al- 
though the walls of the tube will absorb some of it. 
Thus some electromagnetic waves can be transmitted 
through a hollow tube. But is the transmission possible 
at “engineering frequencies” which are so much lower 
than light frequencies? Let us think then of an antenna 
radiating between the surface of the earth and the 
Kennelly-Heaviside layer. There we think of sky waves 
bouncing back and forth between the layer and the 
earth in a way similar to that in Figure 21. We now 
take the ground, improve it by making it of copper, 
and wrap it around the antenna to form a tube, Figure 22. 
We know that if the antenna is short compared with the 
wave length, very little energy is radiated for a given 
current in the antenna. The antenna must approach 
a quarter wave length before a substantial amount of 
energy is radiated, and we conclude that the diameter 
of the tube should not be much less than \/4. This 
picture, however, does not give us a precise idea with 
regard to the critical frequency; in fact, it gives us no 
indication that, if the diameter is smaller than 0.6), 
the antenna will not radiate. 

There are other differences between light waves and 
suided waves. In the case of the former, we think of 
the tube merely as a boundary keeping light from 
escaping the tube; our attention is concentrated on the 
medium inside the tube. If there is a narrow slit in the 
tube, some light escapes; but we feel that the orienta- 
tion of the slit is not important. On the other hand in 
the wave guide (Figure 12), the orientation of the slit is 
very important. A longitudinal slit in the middle of 


+ The word “directed” is now perhaps a better description of what happens than 
the term “guided.” 
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the broad top face will interfere with the flow of current 
but slightly, and its effect on the wave will be small; 
but a longitudinal slit in either of the side faces will 
interrupt the transverse current and produce a con- 
siderable effect. As the frequency increases, this effect 
becomes smaller, because the transverse current be- 
comes smaller. Transverse slits will act in just the 
opposite way: the effect is small for slits in side faces 
and large for slits in the other two faces. A light wave 
would always be reflected from a transverse partition 
(Figure 20), but we saw that a TE;,9 wave could pass 
through a narrow window. Light energy seems to be 
radiated equally well whether the tube is twice as large 
or twice as small—impedance considerations are no- 
where in sight; but these considerations are of para- 
mount importance in the construction of high-quality 
transmission systems. 


The optical theory breaks down for this reason: Light 


waves are of such high frequency that they are above 
the cutoff for a very large number of transmission modes, 
and hence the energy is propagated in all these modes; 
but wave guides are operated at frequencies at which 


Figure 23, Illustrating a uniform plane wave reflected back 
and forth between two perfectly conducting planes 


only one mode or at most a few modes partake in trans- 
mission of energy. 

We shall not consider the relationship between guided 
waves and the uniform plane waves on which the wave 
theory of light is based. Imagine two parallel metal 
planes whose cross section is shown in Figure 23 and 
an ordinary plane wave, with EF parallel to the metal 
boundaries. At each boundary this wave is reflected 
in such a way that the total E vanishes. This means 
that the electric intensities of the incident and reflected 
waves are equal and opposite. Thus at the origin the 
electric intensity will be of the following form 


ZT ae 
Ey, = £o.exp — > @sin 6+2z cos 6) |— 
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When x=a, E, must also vanish; therefore 


2 
SS sin 9=mr, m=1, Oe ieee (41) 
m 
sin 6 =— 
2a 


If this value of sin 6 is inserted in equation 40, we obtain 
equation 16. 


Figure 24 (right). A cy- 
lindrical cavity resonator 


Figure 25 (below) 


A TE,,. wave may be regarded therefore as a zig- 
zagging uniform plane wave. We have connected a less 
familiar type of wave with a more familiar one, and we 
are apt to feel that we now understand the former 
better, that is, if we do not press the matter too far. 
Equation 41, for instance, says that a plane wave is 
“permitted” to zigzag only at specified angles, depending 
on the wave length; that if \=1.5a, there is only one 
permitted angle; and that if \=3a, so that sin 6>1, 
there are no permitted waves at all. Of course, if we 
ignore the physical significance of equation 41 and 
eliminate sin @ from equation 40, things are set right; 
then, however, we lose the individual plane waves with 
which we started. 

Such embarrassing questions do not arise in the case 
of light waves whose wave lengths are of the order of 
2.27 X10~ inches so that if a=1 foot, let us say, there 
would be about 1,000,000 permitted angles. Small 
random variations in a will make all angles permitted. 


CAVITY RESONATORS 


Cavity resonators are sections of wave guides,! closed 
at both ends to form metal boxes in order to prevent 
energy escaping to free space. In this sense they behave 
as sections of transmission lines, short-circuited at both 


ends. Like the latter, cavity resonators possess an in- 


<- a - 


Figure 26 


A 


To each trans- 
mission mode there will correspond a set of oscillation 
modes, corresponding to an integral number of half 
wave lengths (the guide wave lengths) along the guide; 
but some of these oscillation modes will be duplicated. 

A pillbox (Figure 24) is a simple cavity resonator. It 
may be regarded either as a section of a cylindrical guide 


finite number of resonant frequencies. 


{ Of either uniform or nonuniform cross section. 
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as a section of a “disk transmission line” formed by 
© parallel planes. In the latter case we may start 
M ith a source on the axis and think of a cylindrical wave 
‘spreading outward. Consider a particular wave in 


} 
7 This wave will be reflected back toward the axis and 
interfere with the original wave to form a standing 
_ wave. Our first idea may be that at resonance the 
radius will be equal to \/4; but then we shall recall 
that this result is obtained for transmission lines with 
_ uniformly distributed capacitance and_ inductance, 
whereas for the cylindrical wave under consideration 
the capacitance per-unit radius increases with the dis- 
tance from the axis. This is particularly evident if we 
cut a thin “pie” out of the “‘cake,” Figure 24. We now 
have a pair of wires open at one end and short-circuited 
at the other. In considering waves in this pair of wires 
we should think of electric lines going straight between 
the triangular conductors, since this is what happens in 
the box on account of the proximity of the adjacent 
wedge-shaped sections. The nonuniformity of the 
capacitance distribution should alter the effective length 
of the transmission line. If we have an excess of 
capacitance near the open end (Figure 25), the section 
of the line is made effectively longer, and the resonant 
wave length will be greater than four times the actual 


Figure 27. Circular magnetic waves (TMbo, 1) in metal pipes 
of circular cross section 


The solid lines are magnetic lines of force. The projections of electric 
lines of force on a transverse cross section are perpendicular to the magnetic 
lines. The boundary and the dotted circles are lines of zero electric po- 
tential, and, therefore, perfectly conducting cylindrical partitions, coaxial 
with the pipe and passing through the dotted circles, can be inserted without 
disturbing the field. The number of such partitions is M. The radi 
of the nodal circles are approximately proportional to 2.40, Le, (eH Oe 
11.79, 14.93, 18.07, . . -» Ka; Kat, - 
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length of the section. The capacitance deficiency near 
the short-circuited end does not have much effect, be- 
cause the voltage is small there. Returning to our 
section of the pillbox, we find the capacitance deficiency 
at the open end which makes the line effectively shorter. 
The resonant wave length will then be less than four 
times the actual length of the section. Pursuing the 
matter further, we should say that (Figure 26) when 
BC=a/+/2=0.707a and AB=0.293a, the capacitance is 
evenly divided. Of course, in estimating the effect of 
uneven capacitance distribution on the resonant wave 
length, we should give due weight to the voltage dis- 
tribution. Since, however, the voltage varies slowly 
near the open end, we shall ignore this variation. Thus 
we shall replace the triangular piece of length BC=0.707a 
by a rectangular piece of the same area and hence of 
length BC’=0.354a. The effective length of our non- 
uniform line becomes then AC’=0.646a, and the reso- 
nant wave length \=4AC’=2.59a. The exact value to 
two decimal figures is \=2.62a. Our result is almost as 
good as we can get from the formula 


io 1x 
a= fone 
a 
naday te ee . (42) 
me fon 
0 


Figure 28, 


Circular electric waves (TE),1) in metal pipes 
of circular cross section 


The solid lines are electric lines of force. The projections of the magnetic 


lines of force on a transverse cross section are perpendicular to the electric 
lines. The boundary and the dotted circles are lines of zero electric field, 
and, therefore, perfectly conducting cylindrical partitions, coaxial with the 
pipe and passing through the dotted circles, can be inserted without disturb- 
ing the field. The number of such partitions (including the boundary of the 
guide) is M. The radii of the nodal circles are approximately proportional 
to 3.83, 7.02, 10.17, 13.32, 16.47, 19.62, 22.76, 25.90, ..., Ka; Ka+7, - - 
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Figure 29. Transverse magnetic sectorial waves (TMz, u) 


The solid lines are magnetic lines of force. The projections of electric lines 

of force on a transverse cross section are perpendicular to the magnetic lines. 

The boundary and the dotted lines are lines of zero electric potential, and, 

therefore, perfectly conducting cylindrical partitions passing through these 

lines whose generators are parallel to the axis of the pipe, can be inserted 

without disturbing the field. Among the above nodal lines there are L 
diameters and M circles 


in which the effect of the voltage variation along the line 
is taken into consideration by assuming that the dis- 
tribution is sinusoidal (as would be the case if the line 
were uniform). In the preceding formula x is measured 
from the open end, and in the present case C is pro- 
portional to x. 

Each cavity resonator possesses an infinite number of 
oscillation modes. ‘The mode which we have just dis- 
cussed happens to be the gravest mode for circular 
cylindrical cavities, provided the height of the cavity 
does not exceed the diameter 2a. 

For each oscillation mode, the width of the resonance 
curves is measured by the ratio Q= fo/(fe— fi), where fo 
is the resonant frequency and f/f, f2 are the frequencies 
on either side of fo at which the amplitude of the oscilla- 


tions is 71 per cent (100/+/2) of the maximum. It may 
be shown that 
ye stored at resonance (43) 


power dissipated 


For the gravest mode in a circular cylindrical cavity, 
the Q is 


452 


Figure 30. Transverse electric sectorial waves (TE; 1) 


The solid lines are electric lines of force. The projections of magnetic 

lines of force on a transverse cross section are perpendicular to the electric 

lines. The component of the electric force tangential to the boundary and 

to the dotted lines is zero, and, therefore, perfectly conducting cylindrical 

partitions passing through these lines whose generators are parallel to the 

axis of the pipe, can be inserted without disturbing the field. Among the 
above nodal curves there are L diameters and M circles 


Thus if a=h, and \=1m, then the Q for a copper cavity 
is approximately 50,000. 


TRANSVERSE LINES OF FORCE IN TUBES OF CIRCULAR 
CROSS SECTION 


Figures 27, 28, 29, and 30 show the transverse lines 
of force for typical guided waves in tubes of circular 
cross section. The lines of force which do not remain 
in transverse cross sections are not easy to draw; one 
should visualize them as surrounding the transverse lines. 
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Training Technical Personnel for War 
| Industry 


Wet, WHEE 
MEMBER AIEE 


| Paes: programs of the Army and Navy for the selec- 

tion and training of technical personnel for the 
armed forces indicate the prospect of a carefully planned 
and orderly flow of engineering officers into the armed 
services. War industry is not so fortunate. There is 
as yet no comparable plan for insuring the sustained and 
orderly flow, into our civilian economy, of the engineer- 
ing talent needed to energize production in the industrial 
plants to which the Army and Navy look for supplies of 
war material. 

Authorities responsible for the prosecution of the war 
agree that industry must have a fair share of the avail- 
able supply of engineers if it 
is to meet the production 
schedules that the war effort 
demands. Several proposals 
for the selection and train- 
ing of engineers for industry 
have been considered by 
the War Manpower Com- 
mission, but to date none of 
these has been approved or 
adopted by that body, al- 
though it is my understand- 
ing that the Committee of 
Nine which allocates colleges 

_ to the Army and Navy for specialized training has re- 
served 25 per cent of the available facilities for the train- 
ing of engineers for industry. 


Engineering students have been declared by Selective 
Service to be eligible for consideration by local draft 
boards for deferment, provided the college in which such 
students are enrolled certifies that they are competent 
and that they will be graduated on or before July 1, 
1945. Students are increasingly reluctant to ask for 
such deferment, however, and local Selective Service 
Boards are likewise less willing to defer college boys 
when this now means that men with families must be 
called up in their stead. In view of these trends, it 
seems unlikely that industry can look forward to any 
adequate supply of new engineering personnel via the 
deferment route. 

There will be a small number of college men, physically 


Essential substance of an address delivered at the AIEE Northeastern District 
technical meeting, Pittsfield, Mass., April 9, 1943. 
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This third article to appear in “‘Electrical Engi- 
neering” on the problem of producing engi- 
neers in wartime nominates the Engineering, 
Science, and Management War Training Pro- 
gram as a workable plan for securing leaders 
for the production line. 
the Army Specialized Training Program and 
the Navy College Training Program which of 
have already been put into operation ap- 
peared in the March issue. 


disqualified for military service, who can be trained for 
industry, and possibly more young women can be in- 
duced to enter engineering schools. Frankly, I am not 
very hopeful that large numbers of girls can be persuaded 
to undertake long-term curricula in engineering, be- 
cause the evidence to date indicates that, whereas women 
are anxious to help in the war effort and will take quick 
training courses to prepare themselves for immediate 
service in industry, most of them are not interested in 
engineering as a career and do not want to undertake a 
full engineering education. 

Unless the War Manpower Commission evolves some 
method whereby engineer- 
ing students can be prepared 
for industry in the colleges 
on some plan similar to the 
Army and Navy specialized 
training programs, it is clear 
that our civilian economy 
will soon be very largely cut 
off from its normal sources 
recruiting engineering 
talent. In view of the ob- 
vious difficulties in selecting 
equitably and training a 
quota of able-bodied young 
men specifically for civilian purposes, at a time when all 
other qualified young men are going into military service, 
I think it is unlikely that a feasible plan will be found. 

If a sufficient supply of young engineers cannot be 
expected from the colleges, what then is the War Man- 
power Commission prepared to do for industry, and how 
is industry to solve its pressing problem of obtaining 
technical personnel? A program that already has 
helped a great deal and that can help a great deal more 
in the months ahead is the Engineering, Science, and 
Management War Training Program (ESMWT for 
short). 

Since the supply of fully qualified engineers for industry 
is already small and likely to be even smaller, in the 
absence of any adequate flow of new blood from the 
engineering schools, it is clear that we must utilize at 
maximum efficiency the engineers still available, by 
providing them with assistants who can relieve them of as 
much routine work as possible. Such assistants can be 
trained under the ESMWT program for the specific 
tasks that industry wants them to perform, and then 
they can be upgraded through in-service courses for 


Articles describing 
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larger responsibilities, as rapidly as their abilities war- 
rant and the time available permits. 

Let me outline briefly how the ESMWT program 
operates and what it is prepared to do for industry. 


ORIGIN AND PURPOSE 


Originally sponsored by the United States Office of 
Education at the suggestion of a group of leading engi- 
neering educators who foresaw 21/2 years ago that there 
would be a serious shortage of technically trained people 
as the defense program developed, Engineering Defense 
Training, as it was first called, was designed to provide 
short intensive courses at the college level to fit men and 
women for technical jobs in war industries. Limited at 
first to engineering, the program was broadened later to 
include chemistry, physics, and production supervision, 
and the title was changed to Engineering, Science, and 
Management War Training. 


ORGANIZATION AND ADMINISTRATION 


In a recent reorganization of the War Manpower 
Commission, ESMWT became one of six components of 
the Bureau of Training headed by W. W. Charters. 
The other five agencies—National Youth Administra- 
tion, Training Within Industry, Vocational Training for 
War Production Workers, Apprentice Training Service, 
and Vocational Training for Rural War Production 
Workers—all are concerned with training at the voca- 
tional level. 

This year the agencies which comprise the Bureau of 
Training are spending over $200,000,000 of government 
funds in war-production training. The $30,000,000 
allocated to ESMWT is about the same sum of money 
that it took to operate all of the engineering schools of 
the country for one year in the middle 1920’s, at the time 
of the investigation of engineering education conducted 
by Doctor Wickenden for the Society for the Promotion 
of Engineering Education. 

The actual administration of ESMWT is handled 
with notable efficiency in the United States Office of 
Education under the able leadership of George W. Case, 
dean of the University of New Hampshire’s college of 
technology, by a small staff, most of whom are on leave 
of absence from engineering faculties. Participating col- 
leges, now over 200 in number and including all of the 
nation’s engineering schools, determine the needs of 
industry in the areas that they serve, propose appropriate 
courses to meet these specific needs, and assist in placing 
the trainees where they can be most useful to the war 
effort. 

Regional co-ordination is provided through 21 part- 
time regional advisers who serve without compensation 
and act as chairmen of committees made up of repre- 
sentatives of participating institutions in their areas. 
The whole program is a spontaneous and voluntary one 
in which the colleges have co-operated enthusiastically 
on a nonprofit basis as part of their contribution to the 


248 White Technical Personnel for War Industry 


national welfare in this emergency. Institutions are 
reimbursed for the costs of offering ESMWT courses, 
and trainees pay no tuition but are expected to purchase 
their own textbooks and minor supplies. 


TYPES OF COURSES OFFERED 


The ESMWT program is very flexible and, within the 
limits of its enabling act, can serve to meet a wide variety 
of industrial needs. High-school graduation or the 
equivalent is the minimum requirement for admission to 
these training courses, but many of them require several 
years of college work or even a college degree as quali- 
fication ‘for enrollment. Institutions are free to set up 
such eligibility requirements as they feel are necessary 
to the proper conduct of a course and to select the trainees 
who can be admitted, provided there is no discrimination 
because of sex, race, creed, or color. Wherever possible, 
employers have been asked to co-operate with the colleges 
in the selection of suitable trainees. 

Two patterns of procedure have developed in the 
offering of ESMWT courses. In some communities 
representatives of the colleges have been able to secure the 
interest and co-operation of war industries in a very 
intimate working relationship, whereby the planning and 
offering of these courses has become in effect a joint enter- 
prise. The manufacturers have analyzed carefully their 
personnel problems, estimated losses likely to occur 
through Selective Service in various categories, studied 
the particular knowledges and skills that would be needed 
by replacements, worked out tailor-made courses of 
study with members of the college faculty, assisted in the 
selection of trainees who would be employable after 
training, and finally placed the people thus trained in 
the company’s employ. 

Many times the course is taught by a specialist from 
industry rather than by a college teacher, and the in- 
struction may be even given off campus, at the plant or 
in rented areas conveniently near it. While the courses 
offered are all of college grade, they are not traditional 
units of engineering curricula but are individually de- 
signed to meet the specific requirements of definite jobs 
that industry needs to fill. The plan is flexible enough to 
provide for training ranging from basic mathematics 
and mechanical drawing at one extreme to advanced 
mechanics, X-Ray-diffraction analysis of metals, geo- 
metrical optics, and ultrahigh-frequency techniques at 
the other. 

It is not always possible to obtain in ESMWT courses 
the ideal setup, in which the trainee’s entire program is 
preplanned, although this is the objective toward which 
we are striving constantly. Industrial executives are 
sometimes too busy to give the necessary time for such 
a program, frequently they can’t anticipate their person- 
nel needs adequately, and the smaller companies par- 
ticularly do not have sufficient staff to warrant running 
special courses for their own plants alone. 

To fill their needs and to provide a pool of trained 


ELECTRICAL ENGINEERING 


E 
7 


_ workers in fields where known shortages exist, the col- 


leges have offered open courses in engineering drawing, 
motion and time study, production control, industrial 
safety, metallography, mathematics, tool design, elec- 


trical inspection and testing, and similar fields, and have 


publicized these rather widely, with the object of serving 
people whose value to war production would be en- 
hanced through such training and who would not 
be reached otherwise. The results of such courses have 
been very gratifying in that large numbers of the trainees 
have been upgraded into more responsible jobs in the 
plants where they were employed or have been moved 
from nonessential activities into war-production jobs. 
Some 12,000 short courses of college grade will be offered 
under ESMWT = this year, enrolling over 600,000 
trainees. 


PRE-EMPLOYMENT COURSES 


Large numbers of women are being inducted into in- 
dustry, and the competition for this new labor supply is 
extremely keen. A natural tendency of women who 
want to do war work, even well-educated women, will 
be to accept jobs immediately available or available after 
a very brief paid-while-you-learn training course de- 
signed to provide them with the elementary skills needed 
by machine operators in the production line. Such 
women have no desire to remain in the labor market after 
the war and thus have no personal advantage to gain in 
preparing themselves for technical service at the pro- 
fessional or semiprofessional level. 

They can be appealed to successfully, however, to 
undertake such preparation as a patriotic duty, provided 
we make it possible for them to do so without too great a 
financial sacrifice. This means that industry must help 
in the initial selection of such trainees, must put them on 
its pay roll as soon as training begins, and must provide 
opportunity for them to advance in responsibility and in 
earning power through in-service training after the pre- 
employment program has been completed. Only 
through such planning will industry obtain for technical 
service the capable women it needs, who otherwise will 
tend to be absorbed in routine jobs far below their 
abilities. 

New England industry has been very slow to recognize 
this problem. In many other sections of the country, 
particularly on the west full-time ESMWT 
courses are being given to women trainees who are paid 
by the companies for which they are being trained. The 
courses range from 6 to 16 weeks in length and include 
training in mathematics, physics, production processes, 
drawing, and elementary engineering mechanics. Suf- 
ficient training is given in the pre-employment course 
to make the trainee initially useful to the company. 
Obviously a program of supplementary training is neces- 
sary for the further development and continuous up- 
grading of the new worker. 

An interesting example of pre-employment training of 
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women under ESMWT is the program currently being 
operated for the Army Map Service. Several hundred 
senior girls in women’s colleges are taking an orientation 
course in military map making in preparation for after- 
graduation jobs with the Army Map Service in Washing- 
ton. The course comprises an introduction to plani- 
metric and topographic maps, map drafting, projections, 
military grids and map series, map-reproduction methods 
and photomapping in two dimensions. Since the course 
is only 60 hours in length and is studied, in addition to 
a full college load, it obviously gives the girls only a 
start in their new work. Further in-service training is 
being planned for these girls after they are placed on the 
job. 


SUPPLEMENTARY OR IN-SERVICE COURSES 


By far the largest amount of ESMWT training has 
been of the part-time supplementary type. This will 
probably continue to be true in the months to come, not- 
withstanding the increased number of pre-employment 
courses for women that are anticipated. The only way 
in which industry can hope to obtain the technical per- 
sonnel that it must have to implement the war-production 
program is through a continuous process of upgrading. 
People with potential ability to handle work above the 
level of that which they are doing must be encouraged to 
acquire new knowledge and skills through in-service 
training. The colleges participating in ESMWT will 
co-operate gladly in organizing and supervising the 
appropriate courses, but they will need the guidance of 
industrial executives in laying out the subject-matter 
content and in selecting the trainees most likely to be- 
come more useful in war production as a result of the 
training. 

A specific example may be of interest by way of il- 
lustration. One of our ESMWT representatives at 
Northeastern University discovered that several members 
of the engineering staff of a large radio-manufacturing 
company were very much in need of a course in ultra- 
high-frequency techniques. ‘The head of our electrical- 
engineering department, in conference with the chief 
engineer of the company, worked out a combined lecture 
and laboratory course to meet three evenings a week for 
16 weeks. Other radio manufacturers in the area were 
circularized about the prospective course, and many of 
them designated employees whom they wished to have 
enrolled. Incidentally, the course was limited to col- 
lege graduates who had majored in electrical engineering 
or physics, and the trainees are expected, not to get new 
jobs as a result of the course, but to be more effective in 
their present positions. 

An executive of an electrical manufacturing company 
that was experiencing difficulty in certain phases of 
radio-tube production suggested a course in glass process- 
ing. Such a course was developed and publicized by 
word of mouth only, but the demand for it was so great 
that four separate sections of the course were organized 
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in various suburban areas of Greater Boston. This is 
the type of need that ESMWT is prepared to meet. 


CONCLUSIONS 


ESMWT cannot and does not attempt to produce 
full-fledged engineering graduates capable of general 
professional service. Perhaps the War Manpower Com- 
mission will find a way of channeling a reasonable propor- 
tion of young fully trained engineers into war industry. 
Let us hope so. In the meantime our colleges and engi- 
neering schools stand ready to bridge the gap as effec- 
tively as possible through the facilities of the ESMWT 
program. 

To summarize briefly what ESMWT is prepared to do 
and how industry can help if it wants such training pro- 
grams: 

1. The colleges participating in ESMWT can organ- 
ize and offer, without cost to industry and without tuition 
charge to the trainees, short courses ranging in length 
from 6 to 16 weeks in the fields of engineering, physics, 
chemistry, or production supervision (cost accounting, 
statistics, traffic management, personnel administration, 
industrial management, procurement and stores, office 
management) to meet specific training needs. 

The courses can be of the full-time pre-employment 
type or of the part-time supplementary type, can be given 


day or evening, on campus or off campus at a more con- 
venient location for those enrolled, can be of an ele- 
mentary or advanced nature, as long as the subject mat- 
ter is at the college level and the trainees have at least a 
formal high-school education or the equivalent, and can 
be taught by a member of the college faculty or by a 
teacher selected from industry. 

There is no desire on the part of the colleges to pro- 
mote ESMWT courses just for the sake of building up a 
program. College faculties, engineering faculties espe- 
cially, are going to be very busy with Army and Navy 
training programs, and they have no desire to add un- 
necessarily to their burdens. At the same time they are 
ready and eager to serve industry as fully as industry 
wants to be served in the provision of technical training. 

2. Engineers who are in the key positions in industry, 
therefore, have the responsibility of indicating to us as 
clearly as possible their particular needs for trained 
personnel. We must depend upon them to advise us on 
course content and to aid us in the selection of the trainees 
who will be most serviceable in increasing production 
after they are trained. And finally, industry must make 
provision for paying women trainees while they are 
taking ESMWT full-time pre-employment courses, if 
such women are to be attracted to college-level technical 
training. 


Electric Conveyances in Air-Foam Rubber 


Production 


CeeBa RS LER 


ASS Oi CVA ST shee Ay TE B 


HE manufacture of sponge-rubber forms involves 

the creation of bubbles inside the rubber and the 
necessity of maintaining their even distribution. 
process presents the problem of handling the material 
very carefully at all times and with sufficient regularity 
and rapidity to permit the process to be performed in a 
production-line manner. Such a problem is posed by 
the material-handling system recently installed at the 
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Such a : 


JOHNGGR OD ZINGER 


ASSOCIATE ALEE 


Akron (Ohio) plant of the Goodyear Tire and Rubber 
Company. The solution embodies a combination of 
squirrel-cage motors with dynamic braking and d-c 
adjustable-voltage drive with Rototrol control all closely 
tied together with control interlocking and actuated by 
numerous limit switches. 

Air-foam rubber is manufactured from latex, which is 
mixed with other necessary ingredients to form a doughy 
mass. ‘This is placed in tight molds and cured in vul- 
canizing ovens. This curing process must be performed 
under accurate time and temperature control. 
removal from the mold, the product is complete. 


Upon 


ELECTRICAL ENGINEERING 


ale peere 


Ry MECHANICAL SYSTEM 


Briefly, the mechanical 


- equipment involved is as 


follows, A mixing machine 
and rotary platform prepare 
and distribute the “green” 
mixture. This is put into 
aluminum molds as_ they 
move slowly past the mixer. 
‘These molds are carried on 
steel frames with rollerscalled 


Special handling problems have arisen in the 
manufacture of sponge-rubber forms be- 
cause of the necessity of creating bubbles in- 
side the rubber and maintaining them in 
even distribution. To cope with the problem 


of handling the material carefully and at the 


same time rapidly enough to employ produc- 
tion-line technique, electric equipment in- 
volving a combination of squirrel-cage motors 
with dynamic braking and d-c adjustable- 
voltage drive has been developed. 


At the end of the stripping 
conveyor, the pallets pass 
onto a cross conveyor which 
transfers them to the pouring — 
conveyor at the approach 
to the pouring point. This 


completes the cycle, which 


is repeated continuously, 


THE ELECTRIC SYSTEM 


The electric equipment 


pallets, which are propelled 

along a track by lugs on a 

chain conveyor. This conveyor shall be referred to as 
the pouring conveyor. After being filled, the lids of the 
molds are automatically closed and held tightly shut as 
the pallets move to the elevator. On the elevator the 
pallets are stacked two to a tier and seven tiers high. 
When this total of 14 pallets has been assembled, they 
are moved by a pusher onto the transfer car, which puts 
them in a vulcanizing oven. 


The vulcanizing complete, the pallets are again placed 
on the transfer car, which takes them to the ‘‘lowerator,”’ 
a device similar to the elevator in physical appearance 
but which performs just the reverse function. It takes 
the stack of 14 pallets and passes them out one at a time 
onto the stripping conveyor. This conveyor, like the 
pouring conveyor, is of the chain type with lugs which 
engage the pallets and push them along a permanent 
track. On this stripping conveyor, the completed air- 
foam products are removed from the molds, which are 
then cleaned and prepared to repeat the above cycle. 


for the various drives is next 

considered in detail. The 
mixer and ovens are considered as a part of a manu- 
facturing process rather than material-handling equip- 
ment and hence are not within the scope of this 
article. 

A common characteristic of all the motors is the neces- 
sity for protection from falling objects and pieces of 
rubber in the process. To secure this protection, the 
driving motors are either of dripproof or splashproof 
construction and are rated on the basis of a 50-degree 
centigrade rise in continuous operation, in accordance 
with National Electrical Manufacturers Association 
standards. ‘The adjustable-voltage motor-generator set 
for driving the transfer car is of the open-protected con- 
struction. Spring-set solenoid-released shoe brakes are 
used for all drives to serve both a retarding and holding 
purpose. Open floor-mounted brakes are used. 


Pouring Conveyor. ‘The pouring conveyor operates con- 
tinuously, at constant speed. The load, when under 
full operation, is, for all practical purposes, constant. 
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Figure 1. Layout showing relative location of apparatus 
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With changes in the size of the product, the amount of 
material placed in the mold will change but because of 
the basic load of the pallet and mold, the change in load 
on the drive motor by no means will be proportional. 
Because of the mechanical construction of the track, anti- 
friction bearings on the pallets, and the use of a chain 
type of conveyor, the starting friction is reduced from 
that required on usual conveyor drives. Requirements 
on the electric equipment are, therefore, for a motor with 
normal starting torque, uniform speed under all load 
conditions, and for a motor that can operate continuously 
under full load. These conditions are met by the 7.5- 
horsepower general-purpose 1,750-rpm_ squirrel-cage 
motor. ‘This motor combines simplicity, strength, and 
the perfect performance characteristics for the job. The 
holding brake is rated 50-pound-feet torque continuously. 


The control for the pouring conveyor consists of across- 
the-line starting and d-c dynamic braking for rapid 
retardation. In this scheme, d-c potential is applied to 
two of the motor terminals. This sets up a stationary 
field which induces current in the rotor when it is 
turned. This current dissipates the energy of rotation as 
heat in the motor rotor. The equipment involved is a 
three-pole running contactor, a two-pole dynamic- 
braking contactor, an overload relay, and a time-limit 
relay to remove the d-c voltage and set the brake to 
bring the drive to a final stop. 


Control is secured through a main push-button station 
located at the pouring position. 
volved and interlocked system of this nature, this drive 
is so interlocked with the elevator that, should the 
elevator become jammed 
or fail to operate, the 
loading conveyor will 
stop automatically. 


Elevator. ‘The drive for 
the elevator automati- 
cally must raise one layer 
every time two pallets 
have been placed upon 
it. Accurate spotting is 
required to line up the 
tracks on the elevator 
with the conveyor and 
thus reduce the bounce 
when the pallets pass from 
the conveyor onto the 
elevator. This accurate 
spotting must be achieved 
under a condition of vary- 
ing load, which varies 
from thesmall friction load 
of the elevator, gradu- 
ally increasing to full 
load as successive pairs 
of pallets are added. 
The mechanical construc- 


As expected in an in- 
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tion of the elevator is such that this drive does not have 
to be reversed. 

The requirements of operation under varying loads 
with approximately the same speed under all conditions 
from basic friction to maximum is met by the use of a 
15-horsepower, squirrel-cage gear motor. This con- 
sists of a motor close-coupled to a set of double-reduction 
gears with 87-rpm output speed, giving in a small com- 
pact unit an electric drive with a low output speed. 
This gear motor is controlled by a nonreversing across- 
the-line type of starter with which, in order to secure the 
quick accurate stopping desired and reduce excessive 
wear on the 25-pound-foot torque brake, d-c dynamic 
braking is again employed. This, together with the 
employment of hatchway-type limit switches to initiate 
starting and stopping, accounts for the precision achieved. 
The impulse to hoist the elevator is given by hatchway- 
type limit switches when two pallets have been placed on 
agiven tier. Another limit switch geared to the elevator 
drive functions when the elevator has been raised one 
level to stop the hoist motion. Proper limit-switch pro- 
tection and interlocking is provided so that when the 
elevator has been filled to capacity, it will not operate 
until emptied and the loading conveyor will be stopped 
to prevent more pallets from being forced onto the 
elevator. 


Pusher. A pusher is provided to remove the pallets 
from the elevator to the transfer car. Because of the 
necessity of handling the material carefully, the pallets 
must be pushed slowly and gently. However, in order 
to prepare for the next loading of the elevator, the pusher 


Figure 2. Stripping conveyor discharging empty pallet with open mold onto cross conveyor. 
Motor-generator set in foreground provides direct current for retarding cross conveyor and 
elevator motors 
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must be returned to its original position at a faster speed. 
This imposes variable-speed reversing service on the 
pusher drive. Since the function is to push the pallets on 
their rollers in a horizontal plane normal starting torque 
is sufficient. This drive is best handled by a 1.5-horse- 
power constant-horsepower two-speed 
1,150/435-rpm squirrel-cage motor. 

The control is of the across-the-line type, the motor 
being placed on the slow speed winding for pushing, 
retarded by d-c dynamic braking and returned on the 
high-speed winding. The transfer-car operator initiates 
the pusher drive from a push-button station located at 
the loading position. Interlocking is provided to prevent 
operation of the pusher unless the transfer car is in the 
proper position to receive the pallets. Furthermore, a 
hatchway limit switch automatically reverses the pusher 
when the pallets have been placed on the transfer car, 
and another limit switch stops the pusher when it re- 
turns to its normal position. 

Transfer Car. The transfer car consists of a platform 
which moves on a track transverse to the pouring and 
stripping conveyors. To maintain the accuracy of limit- 
switch settings against slipping wheels, the car is pro- 
vided with double-flanged wheels riding on a rail and is 
propelled by a pinion engaging long racks placed on the 
floor. On this car is located a cage which receives the 
14 pallets stacked in the elevator. Upon reaching the 
oven a “gangplank” is extended from the transfer car 
to bridge the gap between the car and the oven. The 
cage containing the pallets is then pushed along the 
tracks from the transfer car into the oven, the “‘gang- 
plank” withdrawn, and the car moves on to perform 


two-winding 


Figure 3. 
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Transfer car and “lowerator” showing construction of each and location of electric 
. “ ” 
equipment on car. Note pusher moving pallets from car to “lowerator 
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another loading or unloading operation. Driving the 
transfer car involves cushioned acceleration and ex- 
tremely accurate spotting of the car under widely varying 
load conditions. Furthermore, this must be a reversible 
drive and capable of just as accurate spotting after 
traveling 2 feet as 20. 

To meet these difficult requirements, an adjustable- 
voltage d-c drive is employed. This consists of driv- 
ing the car with a 10-horsepower 250-rpm_ shunt- 
wound d-c motor. The d-c energy is supplied from a 
unit-frame motor generator set (25-horsepower squirrel- 
cage motor, 10-kw adjustable-voltage d-c generator, 
2.5-kw 230-volt d-c exciter) located on the transfer car. 
With this type of drive, smooth acceleration is possible, 
and the characteristic of constant speed for widely vary- 
ing loads can be readily obtained. ‘To meet the accurate 
spotting requirement, a Rototrol maintains constant 
speed when approaching a final stopping point regardless 
of the load on the car. This Rototrol is an auxiliary 
rotating generator with especially designed, balanced 
field arranged in a Wheatstone-bridge circuit to react 
with great sensitivity to varying speeds of the motor. 
The Rototrol is driven by a small three-phase squirrel- 
cage motor and rotates at all times except final shut- 
down of the car. The Rototrol adjusts the field strength 
of the generator to effect control on the speed of the 
motor. The transfer car accelerates automatically under 
the control of inductive time limit relays, proceeding at 
full speed to the desired point. On approaching this 
point, a slow-down limit switch is engaged, and the 
transfer.car is driven at a predetermined slow speed 
under control of the Rototrol as already described. At 
this slow speed, it is pos- 
sible to set the final-stop 
limit switches and adjust 
the brake torque so that 
the car will always stop 
at the desired position. 
Slow down and final-stop 
limit switches are of the 
hatchway type and 
mounted on the under- 
side of the car. 

Because of the nature 
of the operation, it is 
never necessary to oper- 
ate the transfer car at the 
same time that the cage 
or “gangplank” is being 
moved. ‘This makes pos- 
sible the use of the adjust- 
able-voltage drive for 
both of the motions on 
the transfer car and a 
reduction in the total 
amount of electrical 
equipment required. The 
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motor generator set is com- 
mon for both of the drives, 
individual motors being 
required for the transfer 
car drive and the unload- 
ing drive. This is spoken 
of as the unloading drive 
since a single 5-horse- 
power 1,150-rpm shunt- 
- wound d-c motor is used 
first to move the “‘gang- 
plank” into position and, 
when this has been per- 
formed, to move the cage 
along the cross tracks into 
the oven. Adjustable- 
voltage drive is particu- 
larly suitable for this 
motion also in that the 
cage must be accelerated 
smoothly and gently handled. 

Since operation of the transfer car cannot be predeter- 
mined and assigned any definite routine, and also, since 
it is advisable to have the operator as close to a delicate 
operation of this nature as possible, it was decided to 
have him ride on the transfer car. All of the motions 
including unloading are automatically controlled with 
the operator merely selecting, by push button, the oven, 
loading, or unloading station, to which he desires the 
transfer car moved. The unloading drive initiated by a 
push button in the operator’s cab is controlled by.a travel- 
ing nut limit switch, which determines the location of the 
accelerating and retarding points, in addition to the 
final stopping points. 

The drives for the “lowerator’? and its associated 
pusher, are duplicates of those for the elevator and its 
pusher, with the exception of such requirements as to 
perform just the opposite duty. The “‘lowerator’ and 
both pusher control panels are located with the elevator 
panel at the vulcanizing end of the conveyor. The de- 
tails of these drives are so similar that it is not necessary 
to describe them further. 

The stripping conveyor is directly coupled to the 
pouring conveyor and operated by the same motor and 
speed reducer. This drive has already been discussed. 


Cross Conveyor. At the opposite end from the ovens, a 
cross conveyor is used to transfer the pallets from the 
stripping to the pouring conveyor. ‘The requirement is 
that the cross conveyor must line up a section of track 
with the track on the stripping conveyor so that the pal- 
lets may be placed upon it; then, having completed the 
travel, it must line this pallet up in such a position that it 
will be transferred onto the track of the pouring conveyor. 
This calls for accurate stopping of a nonreversing drive. 
This necessitated the use of d-c dynamic braking in a 
manner similar to that in which it was used on the eleva- 


tor and “‘lowerator’’ drives. The conveyor is operated 
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Figure 4. View of transfer car 


showing Rototrol mounted on control panel and operator’s cab 


by a 5-horsepower squirrel-cage gear motor, with an out- 
put speed of 62 rpm. This motor is started directly 
across-the-line, and its action is initiated automatically 
by a hatchway-type limit switch when the pallet arrives 
on the cross conveyor. It is automatically retarded, 
and finally stopped by limit-switch action when it has 
travelled the desired distance. 

The direct current for the dynamic braking excitation 
of the elevator, “lowerator,”’ pushers, loading, stripping, 
and cross conveyors squirrel-cage motors is supplied by a 
single 15-kw 125-volt 1,750-rpm a-c to d-c motor genera- 
tor set driven by a squirrel-cage motor. ‘This motor 
generator set is started across-the-line, provided with over- 
load protection and sufficient metering and voltage- 
adjusting equipment to maintain a proper d-c voltage. 
An interlocking relay is provided to prevent the opera- 
tion of any of the associated drives, unless the source of 
the direct current is available for the dynamic braking. 
The control panels for the cross conveyor, main convey- 
ors, and braking d-c motor generator sets are located at 
the pouring end of the main conveyors. 

In general, the two main conveyors are controlled from 
the main push-button station at the loading position. 
The elevator and “‘lowerator” operate automatically as 
does also the cross convéyor. The pusher both for the 
“‘lowerator” and elevator are operated from push buttons 
located within reach of the transfer-car operator. All 
of these associated drives are, of necessity, interlocked 
to prevent any jamming or destruction of material, pal- 
lets, or conveying equipment. Numerous emergency 
stop buttons are located about the stripping positions. 

Completely co-ordinated, the individual drives func- 
tion with clockwork precision as gears in a machine to — 
interchange pallets in a smooth stream from the time 
they receive the “green’”’ latex until they have discharged 
their finished air-foam product and are again in a posi- 
tion to receive another charge. 
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National Technical Meeting Program 


2 _Enlarged Again to Aid War Effort 


An enlarged technical program of 26 
sessions and conferences, as compared with 


- a maximum of 20 sessions and conferences 


for the previous year, will be held in Cleve- 
land, Ohio, June 21-25. The meeting 
headquarters will be in the Hotel Cleveland. 
In accordance with AIEE wartime policies 
as adopted by the board of directors all 
programmed social activities have been 
omitted. However, there will be oppor- 
tunity for informal get togethers, and mem- 
bers desiring to participate should inquire 
at the registration desk. 

In addition to the 26 sessions and con- 
ferences, the conference of officers, dele- 
gates, and members will be held both in 
the morning and afternoon on Monday. 
The annual meeting will take place 
Tuesday morning. 


TECHNICAL SESSIONS AND CONFERENCES 


Many of the sessions and conferences are 
directly or indirectly related to the war 
effort. The details of design and special 
problems in connection with electrical 
equipment for aircraft will be presented in 
a session and a conference. Wartime emer- 
gency loading of conductors will be the 
subject of another session. Closely allied 
to the question of overloading will be still 
another session, which has to do with 
transformers. Several conferences will deal 
with teaching aids in specialized training, 
experiences and problems in military 
specialized training, and the teaching of 


The Cleveland Art Museum in the eastern park section of the city 
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ultrahigh frequency. Also, the part which 
electricity plays in the industrial-fabrication 
end of the war effort will be brought out in 
the session on electronics in industrial 
power applications and in the conference 
on resistance welding and its associated 
power-supply system. 

In various sessions eight wartime guides 
or interim reports, which treat the applica- 
tion and operation of electrical equipment 
and apparatus under war conditions, will 
be presented. These wartime guides or 
interim reports have been developed by 
AIEE technical committees and subcom- 
mittees in collaboration with the standards 
committee as a wartime emergency meas- 
ure to conserve critical materials. In addi- 
tion, the Association of Edison Illuminating 
Companies subcommittee on wartime tem- 
peratures for power cables in service will 
present a guide on that subject. 

There will be a conference on civic af- 
fairs and another on the subject of ‘‘How 
Can the Institute Render Greater Service 
to its Latin American Members?” 


INSPECTION TRIPS 


Because of wartime restrictions in the 
matter of transportation and plant protec- 
tion, only two inspection trips are scheduled. 
These are directly associated with two of 
the technical conferences. It is necessary 
that firm commitments for transportation 
and plant-protection identification be 
made in advance, and the committee on 
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transportation and trips requests that ad- 
vance registrations for these trips should 
be made by writing J. J. Tesar, in care of 
Cleveland Electric Hluminating Company, 
Cleveland, Ohio, chairman, trips and trans- 
portation committee. These inspection trips 
will be limited to United States citizens, 
and those participating are reminded to 
have their birth certificates or other proof 
of citizenship with them. The Ohio 
Crankshaft Company will be visited, and 
details relative to induction-heating proc- 
esses will be shown. Another trip will be 
to Nela Park, the lighting laboratory of 
General Electric Company. 


ADVANCE REGISTRATION 


Members who have received an advance 
registration card should fill in and return 
it promptly, if they have not already done 
so. This will permit the registration com- 
mittee to have badges ready and will pre- 
vent congestion at the registration desk. 
In accordance with regular practice, a 
registration fee of two dollars will be 
charged all nonmembers, excepting en- 
rolled students and the immediate families 
of members. 


HOTEL RESERVATIONS 


Hotel reservations should be made by 
writing directly to the hotel preferred. 
For convenience, a room registration card 
for the Hotel Cleveland, meeting head- 


quarters, was included with the mailed 


announcement sent to most members. 


COMMITTEES 


Members of the national technical meet- 
ing committee and chairmen of subcom- 


of Cleveland where the AIEE national technical meeting will 
be held June 21-25, 1943 
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@ ABSTRACTS of papers appear on 
pages 266-71 of this issue. 


@ PRICES and instructions for se- 

curing advance copies of these 

papers accompany the abstracts. 

Only numbered papers are avail- 
able in pamphlet form. 


Monday, June 21 


9:00 a.m. Registration 


10:00a.m. Conference of Officers, Dele- 
gates, and Members 


J. M. Thomson, vice-chairman, sections committee, 
presiding 


Chairman’s opening statement 


Address, “Impressions Obtained From My Visits to 
the Sections During the Past Year.” H. S. Osborne, 
president 


Address, ‘‘How the Institute Is Getting Along in 
Membership and Finances.” H. H. Henline, na- 
tional secretary 


Report, “‘What the Sections Committee Has Been 
Doing in South America.” Subcommittee, O. C. 
Brill, chairman; M. S, Coover 

Address, “‘How the Mexico Section Is Getting Along”’ 
Address, “I Am an American.” 
Electric Company 


A, Boyajian, General 


Report, ‘Development of Subsections.” Subcom- 
mittee, E. W. Schilling, chairman; C.°A. Faust 


Report, “Other Activities of the Sections Committee 
During the Past Year.” E. T. Mahood, chairman, 
sections committee 


2:00 p.m. Clinic on Section Operation 
and Management of Larger 
Sections (More Than 300 
Members) 

G. W. Bower, presiding 


Explanation of ‘clinic’ plan and introduction of 
members of sections committee present 


R. M. Pfalzgraff, vice-chairman, program subcom- 
mittee 


Discussion by delegates 


2:00 p.m. Clinic on Section Operation 


and Management of Smaller 
Sections (Less Than 200 
Members) 


W. J. Gilson, vice-president-elect, Canadian District, 
presiding ! 


Explanation of “clinic” plan and introduction of 
members of sections committee present 


J. M. Thomson, chairman, program subcommittee 


Discussion by delegates 


Tuesday, June 22 


10:00 a.m. Annual Meeting 


President Harold S. Osborne, presiding 
Address by H. W. Green 


Board of directors’ report (in abstract), H. H. Henline, 
national secretary 


National treasurer’s report, W. I. Slichter 


, 


Committee of tellers’ report on election of officers 


Presentation of president’s badge; response from 


President-Elect Nevin E, Funk 
Presentation of prizes for papers 
Presentation of Lamme medal to Joseph Slepian 


President’s address, Harold S$, Osborne 


Conference on Civic Af- 
fairs 


2:00 p.m. 


43-122-ACO. Tue ENGINEER’s INTEREST IN CiTy 
PLanninc. Report of the conference on city and 
regional planning at the AIEE North Eastern District 
technical meeting, Pittsfield, Mass., April 8. F. A. 
Cowan, vice-chairman, technical program committee. 


Speakers: F. A. Cowan, H. W. Green, J. T. Howard 


2:00 p.m. Power Generation 

43-93-ACO. Inrermm Report of EMERGENCY MEAS- 
URES TO INCREASE OuTPUT OF GENERATING EQUIPMENT 
AND Systems. AIEE committee on power generation 


CP.** TENTATIVE SPECIFICATION FOR SPEED GOVERN- 
ING OF STEAM-TURBINE GENERATORS Ratep Nor Less 
Tuan 10,000 Kw. Report of Joint AIEE-ASME 
Committee on a Proposed Specification for Prime- 
Mover Speed Governing 


Conference on Resistance 
Welding and Its Associated 
Power-Supply System 


2:00 p.m. 


This will provide an opportunity to present problem 
arising from the extended use of resistance welders in 
industry today. Industrial engineers are to be en- 
couraged to present their problems. Speakers will 
represent the manufacturers of resistance welders 
and control equipment, public utilities companies, and 
industrial users. Topics of discussion will be: 


CP.* ResisrANcE WELDERS, CHARACTERISTICS, CON- 
TROLS, AND AUXILIARY EQUIPMENT 


43-121. AuToMATic VOLTAGE COMPENSATOR FOR 
REsIsTANCE-WELDING Controt. E. M. Callender 
and R. S. Phair, Edward G. Budd Manufacturing 
Company 


CP.* ApequaTe. Power-Suppty SysTEM FOR ReE- 
SISTANCE WELDERS, with discussion on such factors as 
low voltage, lighting flickers, low power factor, and 
load factor; also Various MreTHOps OF CORRECTING 
Loap CHARACTERISTICS 


CP.* AppLicaTION OF SERtES CAPACITORS TO RE- 
SISTANCE WELDING Loaps 

2:00 p.m. Conference on Safety 

Any time lost through accident is a war-manpower 
problem. In this conference emphasis will be on the 
safety program of the smaller electrical-manufacturing 
and utility organizations. After presentation of pre- 


pared papers ample time will be provided for round- 
table discussions. 


43-94-ACOf. 
SMALL Groups. 
Service Company 


PracticAL ACCIDENT PREVENTION IN 
O. S. Hockaday, Texas Electric 


Wednesday, June 23 


10:00 a.m. General Session 


2:00 p.m. Arc-Furnace Control and 
Transients 
43-97. A Strupy or Vottace TRANSIENTS IN ARGs 


Furnace Circuirs. J. B. Hodtum and J. B. Rice, 
Allis-Chalmers Manufacturing Company 


**CP: Conference presentation; copies available on 
request from M, J. Steinberg, Consolidated Edison 
Company of New York, Inc., 4 Irving Place, New York, 
NEY 


- 2:00 p.m. 


AIEE National Technical Meeting, 


43-98. PracricAL CALCULATION OF ELECTRICAL 
TRANSIENT ON Power Systems. R. D. Evans and 
R. L. Witzke, Westinghouse Electric and Manufactur- 
ing Company ; 

43-95-ACO. Arc-FurNAcE ConTroL BY ReEGu- 
Lex Exciters. T. B. Montgomery and T. H. Blood- 
worth, Allis-Chalmers Manufacturing Company 


43-96. Roratinc REGULATOR FOR ARC FURNACES. 
R. A. Geiselman, C. C. Levy, and W. R. Harris, 
Westinghouse Electric and Manufacturing Company 


Conference on “How Can 
the Institute Render 
Greater Service to Its Latin 
American Members?” 


CP.* INTERNATIONAL ELECTRICAL STANDARDS. L, F. 


Adams, General Electric Company 


CP.* Rerations BeTweEN Latin AMERICAN AND 
Unirep Srates STANDARDIZING Bopres, WiTH Par- 
TICULAR REFERENCE TO ELECTRICAL STANDARDS. 
Alberto Magno-Rodrigues, American Standards 
Association 


2:00 p.m. 


43-76. Porr-Face Loss 1n Sorip-RoTroR TuRBINE 
Generators. W. W. Kuyper, General Electric Com- 
pany 


43-89. THe QuaADRATURE SYNCHRONOUS REACTANCE 
oF SALIENT-PoLE SyNcHRONOUS Macuines. R. V. 
Shepherd and C, E. Kilbourne, General Electric 
Company 


43-99. Tue CaLtcuLaTIon oF UNBALANCED MAGNETIC 
Put in SyNcHRONOUS AND INDUCTION Motors. R. C. 
Robinson, Westinghouse Electric and Manufacturing 
Company 


Synchronous Machinery 


2:00 p.m. Conference of Student 


Branch Counselors 


This conference will deal with Student Branch prob- 
lems, particularly as related to postwar programs. 


Thursday, June 24 
9:30 a.m. 


43-83. A New Type or ApjusTABLE-SPEED DRIVE FOR 
A-C Systems—II. A. G, Conrad and P. F. Ordung, 
Yale University, and S. T. Smith, Naval Research 
Laboratory 


43-100. Disrripution Factors AND PircH Factors 
OF THE HARMONICS OF A FRACTIONAL-SLOT WINDING. 
M. M. Liwschitz, Polytechnic Institute of Brooklyn 


43-82. CriticAL MATERIAL CONSERVATION IN_IN- 
pucTion-Moror Manuracture. H. M. Hobart, 
Consulting Engineer 


CP.* AttowasLe TEMPERATURE RisE oF TOTALLY 
ENCLOSED FRACTIONAL-HoRSEPOWER MorTors 


Induction Machinery 


American Standard C50, covering American standard 
for rotating electrical machinery, has been revised and 
is being reissued. It will recognize an allowable 
temperature rise for totally enclosed fractional-horse- 
power motors five degrees centigrade higher than that 
recognized for integral-horsepower motors. This 
difference is of definite concern to a number of design 
engineers. The purpose of the conference session is 
to encourage a full discussion of this matter. 


9:30 a.m. Switching Equipment and 
Supervisory Control 
43-84. INTERIM REPORT ON APPLICATION AND OPERA- 


TION OF AuTOMATIC-RECLOSING EQuIPMENT ON STUB 
FEEpERs. Subcommittee on a-c automatic-reclosing 
equipment, AIEE committee on automatic stations 


*CP: Conference presentation; no advance copies 


of papers available; not intended for publication in 
Transactions. 


tACO: Advance copies only available; 
tended for publication in Transactions. 


not in- 


43-101. Invert Report oN CHARACTERISTICS AND 
PERFORMANCE OF ConpucTors FoR SUPERVISORY COoN- 
TROL AND TELEMETERING. Subcommittee on char- 


» acteristics and performance of conductors for super- 


visory control and telemetering, ATEE committee on 
automatic stations 


43-102. Tur Cause anp Conrrot or Some Types 
or Swrrcuinc Surcrs. T, W. Schroeder, General 
Electric Company 


43-86. Experience Wita Ou-Circurr RECLOSERS ON 
_ REA Systems. L. M. Moore and B. O. Watkins, 
Rural Electrification Administration 


43-103. A New Hicu-Inrerruptinc-Capaciry Fuse 
FOR VOLTAGES THROUGH 138 Kv. H. H. Fahnoe, 
Westinghouse Electric and Manufacturing Company 


9:30 a.m. Conference on Agricultural 
Electrification 
CP.* Tue FarMER anv His Evectricrty. Grover C. 


Neff, president, Wisconsin Power and Light Company 


CP.* Evorution in Acricutture. Frank E. Watts, 
Farm Journal and Farmers’ Wife 


CP.* AppLicaTION ENGINEERING—TuHE Key To In- 
CREASED Farm Propuction. George W. Kable, 
editor, Electricity on the Farm. 


CP.* Procress in Serving OKLAHOMA FARMS. 
Roy E. Hayman, Oklahoma Gas and Electric Com- 
pany, 


CP.* CHemurcy—Its Prace in Tuis WaR AND 
Arter Ir. L, F. Livingston, E. 1. duPont de Nemours 
and Company 


Alternate subject (time permitting) 


CP.* THe Care AND MAINTENANCE OF ELECTRIC 

Farm Equipment. A. H. Hemker, General Electric 

Company 

9:30 a.m. Conference on Teaching 
Aids in Specialized Training 

9:30 am. Conference on Induction 


Heating 


Speakers: H. B. Osborn, Jr., P. D. Zottu, W. E. 
Benninghoff, J. P. Jordan 


1:30 p.m. Conference on Experiences 
and Problems in Military 
Specialized Training 

CP.* Sarety ENGINEERING INSTRUCTION AT OKLA- 


HOMA A AND M Cottece. A. Naeter, Oklahoma Agri- 
cultural and Mechanical College 


2:00 p.m. Wartime Emergency Load- 


ing of Conductors 


43-85. Sare RaTINGS FOR OVERHEAD Line Conpuc- 
rors. L. M. Olmsted, Duquesne Light Company 


43-104. Gur ror WaRTIME ConpucToR TEMPERA- 
TURES FOR PowER CABLES IN SERVICE. Association of 
Edison Illuminating Companies subcommittee on 
wartime temperatures for power cables in service 


43-105. InTeERMm REPORT—EMERGENCY OVERLOADS 
on OverRHEAD Conpuctors. Working group on 
towers, poles, and conductors, transmission subcom- 
mittee, AIEE committee on power transmission and 
distribution 


43-77. Tue Errect or Corona on Coupinc Fac- 
tors BETWEEN GROUND WIRES AND PHASE CONDUC- 
tors. G. D. McCann, Westinghouse Electric and 
Manufacturing Company 


2:00 p.m. Selected Subjects 


SuBcENTER SwircHinG SysTEMS FOR TELE- 
F. L. Currie, Western Union 


43.120. 
PRINTER TE Lines. 
Telegraph Company 


Cleveland, June 21-25, 1943 


43-81. A Capacrrance Brinor ror DETERMINING THE 
Ratio anp Puase ANGLE oF POTENTIAL TRANS- 
FORMERS. H. W. Bousman and R. L. Ten Broeck 
General Electric Company : 


43-106. FormuLas ror Catcuratina Snort-Cir- 
curr Forces Between Conpucrors or STRUCTURAL 


Snare. T. J. Higgins, Illinois Institute of Tech- 
nology 
43-107. A Mernop ror DererMIninc THE NORMAL 


Mopes or Fosrer’s Reacrance Networks. (Pre- 
sentation by tide) W. R. LePage, Radio Corporation 
of America 


43-108. A Mernop ror CorreLatinc Dutry-Cycie 
Tests oN Sorenoms, J. E, Ryan, General Electric 
Company 


43-78. Aprquate ELrcrricaAL Mainrenance Es- 
SENTIAL TO TRANSPORTATION. W, J. Clardy, Westing- 
house Electric and Manufacturing Company 


2:00 p.m. Conference on Wartime In- 
fluences in Lighting 
3:30 p.m. Conference on Teaching of 


Ultrahigh Frequency 


Speakers: J. G. Brainerd, H. J. Reich, W. C. Oster- 
brock 


7:00 p.m. Dinner—Jointly with the 


Cleveland Section, Institute 
of Radio Engineers 


Address: “Frequency Modulation Versus Amplitude 
Modulation at High Frequencies.” Raymond Guy, 
Radio Facilities Engineer, National Broadcasting 
Company 


Friday, June 25 


9:30 a.m. Carrier Current and Mis- 


cellaneous Subjects 


43-80. AppLICATION OF CARRIER TO Power LINES. 
F, M. Rives, General Electric Company 


43-91. 
FOR TRANSFORMER BANKS. 
Electric Company 


43-110. A Smmpre METHOD FoR THE DETERMINATION 
or BusHinc-CuRRENT-TRANSFORMER CHARACTERIS- 
tics. S. D. Moreton, General Electric Company 


43-111. Report ON APPLICATION OF LIGHTNING- 
Protective Devices iN WarRTIME. Lightning arrester 
subcommittee, AIEE committee on protective devices 


43-112. 
CARRIER CURRENT. 
tric Company 


CarriER-CURRENT DIFFERENTIAL PROTECTION 
T. A. Cramer, General 


FREQUENCY MopULATION FOR PowER-LINE 
E. W. Kenefake, General Elec- 


9:30a.m. Electrical Equipment for 
Military Aircraft 
43-123. Aircrarr Evecrric-Power Suppiy System. 


J. E. Yarmack, International Telephone and Radio 
Manufacturing Corporation 


43-124. CHARACTERISTICS AND APPLICATIONS OF THE 
GENERAL Evectric Company SELENIUM-RECTIFIER 
Ce.is. E. A. Harty, General Electric Company 


43-125. 
APPLICATIONS. 
Company 


43-126. 
FOR UsE IN AIRCRAFT. 
Electric Company 


43-127. AtrcRAFT INVERTER CONSTRUCTION. 
Button, Holtzer-Cabot Electric Company 


AMPLIDYNE 
Electric 


FUNDAMENTAL PRINCIPLES OF 
F. E. Crever, General 


Desicn RELATIONSHIPS FOR D-C GENERATORS 
S. R. Bergman, General 


Cris 


9:30 a.m. Electronics in Industrial 
Power Applications 
43-113, Tr Trstinc or Mercury-Arc RECTIFIERS. 


H. L, Kellogg and C. C. Herskind, General Electric 
Company 


43-90. ‘THrory or Reerimr—D-C Motor Drive: 
E, H. Vedder and K. P. Puchlowski, Westinghouse 
Electric and Manufacturing Company 


43-114. Operation or Nonsavienr Porn-Typr 
Generators Suppiyina A Recrirmr Loap, M. D. 
Ross and J. W. Batchelor, Westinghouse Electric and 
Manufacturing Company 


43-115, Loap Pickup ny A Group or Ianrrron Rec- 
Tirmers. L. W. Morton, General Electric Company, 
and D. I. Bohn, Aluminum Company of America 


43-116. Tyryratron Motor Conrror. E. E. Moyer 
and H. L, Palmer, General Electric Company 


9:30 a.m. 


43-88. HicuH-Vo_Tace PoweEr-TRANSPORMER De- 
sicn. M. B. Mallett, English Electric Company of 
Canada, Ltd. 


43-87. INTERIM ReporT ON OveRLOADING DistRI- 
BUTION TRANSFORMERS. ‘Transformer subcommittee, 
AIEE committee on electrical machinery 


43-109. INTERIM Report ON OVERLOADING CURRENT- 
LimitinG) =Reacrors. Transformer subcommittee, 
AIEE committee on electrical machinery 


CP.* Norma anp EmMercency Loapinc oF Power 
TransrorMeErS. H. B. Keath and W, Godin, Wagner 
Electric Corporation 


Transformers 


2:00 p.m. 


43-117. A New HicH-Sprep BALANCED-CURRENT 
Retay. V.N. Stewart, General Electric Company 


43-79. Prror-WireE RELAYING ON A METROPOLITAN 
System. T, G. LeClair and E. L. Michelson, Com- 
monwealth Edison Company 


43-92. Distance RELAY PROTECTION FOR SUBTRANS- 
mission Lines Mape Economicar. L, J. Audlin, 
Central New York Power Corporation, and A. R. 
van C. Warrington, General Electric Company 


43-118. Rervay Protection oF Tappen TRANSMISSION 
Lines. M. A. Bostwick and E. L. Harder, Westing- 
house Electric and Manufacturing Company 


43-119. InrertmM REPORT ON APPLICATION AND OPER- 
ATION OF Out-or-SteP Protection. Working group 
of relay subcommittee, AIEE committee on Protective 
Devices 


Relaying 


2:00 p.m. Electrical Equipment for 
Military Aircraft 
43-128. Aircrarr Circurr Breakers. C, W. Kuhn, 


Cutler-Hammer, Inc. 


43-129, 
PROTECTION. 
Company 
43-130. ManuaAL SwircHEes For AIRCRAFT. 
Millermaster, Cutler-Hammer, Inc. 


43-131. Arrcrarr Contactors. F, J. Russell and 
A. P, Charbonneau, Cutler-Hammer, Inc. 


PrincipLtrs oF AIRCRAFT ELecrric-Moror 
V. G. Vaughan, Spencer Thermostat 


R, A. 


43-132. Rapio Noise Fitters APPLIED TO AIRCRAFT. 
C. W. Frick and S. W. Zimmerman, General Electric 
Company 


2:00 p.m. Conference on Operating 
Experiences With Mercury- 
Arc Rectifiers 

Subject Matter: 


(a). Industrial application of rectifiers 
(6). Large rectifier stations 
(c). Rectifier cooling systems 


(d). Rectifier harmonics 


mittees making arrangements are: W. E. 
Wickenden, chairman; G. R. Canning, 
vice-chairman; B. W. David, secretary-treas- 
urer; D. Ramadanoff (secretary-treasurer, 
Cleveland Section). Subcommittee chair- 


men: , L. T. Blaisdell, finance; E. A. Ross- 
rucker, publicity; J. C. Strasbourger, 
hotels; A. J. Kres, registration and informa- 
tion; P. L. Hoover, meetings and papers; J. J. 
Tesar, transportation and trips. 


AIEE Prepares Wartime Guides 
for Electrical Apparatus 


A major AIEE activity at the present 
time is the preparation of wartime guides 
and reports covering the technical phases 
of the application and operation of elec- 
trical apparatus. _This is in accordance 
with the decision of the board of directors 
that the Institute should devote its services 
in every way possible toward aiding directly 
the war effort. 

A number of these Guides and Reports 
will be presented during the week of June 21 
at the national technical meeting in Cleve- 
land along with the general theme of war- 
time problems and conservation of mate- 
rials. Consequently, it seems well to review 
briefly their history, purpose, and status. 

Soon after the outbreak of hostilities the 
Institute recognized that the war emer- 
gency would require that maximum possi- 
ble use be made of all existing equipment 
and that a minimum amount of critical 
materials would be available for use in the 
manufacture of new equipment. ‘This 
situation emphasized the great importance 
of nationwide usage of industry standards 
and standard apparatus. Since the Insti- 
tute’s membership is very broad, and its 
committees are composed of representatives 
of users, manufacturers, educators, and 
others, it is particularly well fitted as an 
established standardizing body to handle 
for the industry at large such technical 
matters as preparation of war-emergency 
standards or technical-application guides as 
may be required for “duration” use. 

For many years the Institute has pro- 
mulgated the development of electrical 
standards and test codes, both directly and 
through the American Standards Associa- 
tion. Experience has shown that the In- 
stitute’s standardizing procedure is direct 
and expeditious, oftentimes resulting in the 
completion within a relatively short time 
of standards or reports on standards which 
served the industry and were later given 
consideration by ASA in the preparation 
of an American Standard. These stand- 
ards have established criteria for electrical- 
apparatus rating, performance, procedure, 
and test guarantees. These have been 
considered pre-eminent throughout the 
industry for many years. Their prepara- 
tion has required careful deliberation and 
study by engineers recognized as authori- 
ties in their respective fields. However 
these standards and test codes are of a 
fundamental technical nature and do not 
lend themselves to short-term changes 
without upsetting seriously design, manu- 
facturing, application, and operating prac- 
tices. This is an important aspect in con- 
sidering the formulation of war-emergency 
standards or guides. 
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After careful consideration of the war- 
time needs and the many problems in- 
volved in the preparation and use of 
emergency standards, the standards com- 
mittee decided that in a great majority of 
cases the wartime situation could be taken 
care of effectively by the preparation of a 
number of wartime guides and interim 
reports covering the technical application 
of various types of standard electrical appa- 
ratus. In a few instances emergency sub- 
stitutions or modifications of present stand- 
ards may be required. Therefore the 
standards committee in collaboration with 
the technical program committee recom- 
mended that the Institute’s technical com- 
mittees actively proceed with this work. 

This wartime basis required many new 
concepts in the selection, application, and 
operation of electrical apparatus and equip- 
ment in order to take full advantage of all 
favorable factors, such as ambient tempera- 
ture and other service conditions, conserva- 
tive design margins, load factors, use 
factors, supplemental cooling, spare equip- 
ment. 

The technical committees of the Insti- 
tute have been engaged very actively in 
this undertaking for about a year and have 
produced a vast amount of data of direct 
practical value to both manufacturers and 
users—especially to the war industries. 
These reports and guides are intended to 
promote the fullest use of sound engineering 
principles in the design, application, and 
operation of the various types of electrical 
apparatus. Although the impetus for their 
preparation is coming from the present war 
emergency and the necessity to conserve 
critical materials, nevertheless it is recog- 
nized that since they are being prepared on 
a sound engineering basis, much of the 
work may be of use even after the war. 

e 


The guides and reports are intended to 
present a general consensus of typical 
American engineering practice in the 
selection and co-ordination of equipment 
for various types of electric-power systems 
under the conditions prevailing during the 
present war emergency. They also present 
information on the performance of elec- 
trical equipment under operating service 
conditions which differ from those usually 
considered as ‘‘normal.’? Thus they indi- 
cate the broad adaptability of standard 
apparatus to special conditions as well as 
the more usual applications. The eco- 
nomic importance of this should be clearly 
evident with respect to broader usage of 
specific apparatus and the ultimate reduc- 
tion in manufacturing costs, delivery time, 
and installation expense. 

Experience has indicated that this work 
is resulting in the more widespread use of 
standard apparatus for all kinds of appli- 
cations and in many instances the heavier 
loading of existing apparatus such as 
generators, breakers, transformers, re- 
actors, and cables. All of this leads to 
very appreciable savings of critical mate- 
rials and oftentimes eliminates the necessity 
for construction changes. 

Users of electrical apparatus should not 
feel that in the past they have been too 
conservative in their applications, as the 
guides also call attention to the penalty 
(in terms of shortened life expectancy) 
which may be incurred by the operation 
of apparatus beyond its specified name- 
plate rating. 

Each of the guides or reports is to carry 
a foreword explaining its purpose, and 
stating that ‘*. . . it has been prepared by 
a technical committee for the purpose of 
making essential information immediately 
available to war industries, thus furthering 
the conservation of valuable materials and 
labor for the war emergency, that the in- 
formation is educational in character and 
in no way mandatory, and that at the 
present time it is not intended as a ‘stand- 
ard’ and has not yet been formally ap- 
proved by the standards committee nor 
by the board of directors.” 

The criterion upon which they have been 
accepted is that they are timely and have 
been prepared for the information of 
manufacturers and users for the ‘‘duration.” 
After the war emergency they will be re- 
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Subject Paper Number (Cents) “Transactions” 
Shunt capacitors......./ is Beret AP haftvain ah A Oar Rac mgt ABS Feet sie aot UR Aceenneieet May 1943, p. 220 
Powericablesiciriis.cyarors acre treegeastn tearm antes otter nate 43-104. pee tee "2 A 
Circuit breakers: and!switchgeary..aase-nas. + seek assoc B69) anelemrarsta tite LS Scene Sipe tJuly 1943 
Generating equipment and systems............. A529 3) Sanya 20 
System grounding impedance........... : 5 at eer a ete Fn. 2 1 Sis, euerrta ee Jan. 1943; “po. diz, 
Industrial-power distribution systems....... 4-40 rarer iin 70 
Electric motors and motor controllers. ..... cot 3-625 ok. cea eee a 15 
Automatic-reclosing equipment on stub feeders. . .. . AB eB 4d ceva at mine 20 
Power transformers and regulators................... 42 L DOr sae nen eae LD electra ences Sept. 1942, p. 692 
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Conductors for supervisory and telemetering........... pei UO Peele Hin conc : 
Out-ofstep relay protections... ee nie ine ce 43-119 * 


* Not yet available. 
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_ considered by the standards committee and 
the committees which prepared them and 
then will be approved, revised for normal 


‘ _use, or rescinded. Early availability of the 


guides is a vital necessity in order that they 
may be of the most value in the war effort. 
The technical committees have been urged 
to present these guides and reports at 
Institute meetings at the earliest oppor- 
tunity. After presentation and discussion, 
they will be given further consideration and 
review. 

One war-emergency standard has been 
prepared—(War Emergency Modification 
of AIEE Standard 45, ‘Recommended 
Practice for Electrical Installations on 
Shipboard”). However, the guide and 
report procedure is being followed in other 
cases in preference to the preparation of 
special war-emergency standards which 


might involve extensive redesigning’ and 


_ drastic changes in manufacturing and ap- 


plication practices at this time. It is be- 
lieved that the guides accomplish the 
maximum conservation of critical mate- 
rials, since they provide for the greatest 
use of existing equipment and systems, as 
well as new equipment, without changing 
the fundamental basis on which the present 
standards have been prepared. 

At the present time wartime guides or 
interim reports on the subjects listed in 
the table, page 258, are available or will 
be completed in time for presentation at 
the national technical meeting to be held 
in Cleveland in June. Copies of those 
available in pamphlet form may be ob- 
tained by Institute members from AIEE 
headquarters by referring to the paper 
number as listed in the table. 


Successful Wartime Meeting 
Held by AIEE South West District 


Despite difficulties imposed by wartime 
conditions, a highly successful technical 
meeting was held by the AIEE South West 
District, April 28-30, at Kansas City, Mo. 
Concurrently the annual engineering con- 
ference of the Missouri Valley Electric As- 
sociation was held at the same headquarters 
hotel, the Continental. As many of those 
who attended the combined meetings 
would have attended both if they had been 
held separately, the result was a great sav- 
ing in time, expense, and the use of critical 
transportation facilities. The two groups 
participated jointly in several features, nota- 
bly two general sessions, two luncheons, 
and two dinners. The AIEE Student 
Branches within the District also held their 
annual conference during that period and 
participated in some of the events of the 
meeting in addition to carrying out their 
own program. 

Four technical sessions on a variety of 
subjects constituted the technical program 
of the meeting. Throughout these sessions, 
the emphasis was on problems directly re- 
lated to war activities. Simultaneously, 
technical sessions were held by the MVEA, 
and members of both organizations at- 
tended all sessions. 

Other features of the meeting included a 
round-table conference on Section opera- 
tions and management and a meeting of the 
District executive committee. Details of 
the principal events are reported in sepa- 
rate items. 

Total registration for both groups was 
572, of which 338 were AIEE registrants. 
Detailed registration figures are given in 
the accompanying tabulation. 


OPENING JOINT SESSION 


Addresses by the presidents of both 
organizations were features of the joint 
general session which marked the official 
opening of the meeting. J. G. Thorpe, 
general chairman of the MVEA engineer- 
ing group, presided. 

In the absence of City Manager L. P. 
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Cookingham of Kansas City, Elmer S. 
Pierson, president of the Vendo Company, 
delivered the opening address. He de- 
clared that the old idea of the West being 
predominantly agricultural no longer holds, 
especially now, and he characterized the 
expanded wartime manufacturing activities 


of the Middle West as “staggering to the’ 


imagination.” He predicted that many 
midwest war plants will remain after the 
war and cited as one favorable factor the 
high proportion of native-born labor avail- 
able in that area. He urged that special 
provisions be made to educate after the 
war the men who are now in the armed 
forces. These men would supply the crea- 
tive thinking needed for the postwar de- 
velopment of those industries. This crea- 
tive thinking, he said, is the only element 
needed, as the Middle West has available 
plenty of facilities and materials. 

What the AIEE is doing to aid the war 
effort was outlined by E. T. Mahood, 
AIEE vice-president representing the South 
West District. He first described briefly the 
objectives of AIEE and of the local, Dis- 
trict, and national meetings held by the 
respective groups within the Institute. 


E. F. Mahood, AIEE vice- 
president of the South 
West District and chair- 
man of the District meet- 
ing and Sections com- 
mittees, stopped to con- 
verse with C. W. Nystrom, 
general outside plant 
engineer for South- 
western Bell Telephone 
Company, following one 
of the sessions of the 
AIEE South West Dis- 
trict technical meeting. 
Mr. Nystrom spoke on 


“Conservation of Critical Materials in the Telephone Industry” at the 
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Meeting programs now are geared to war 
problems, and many joint meetings with 
other groups are being held. One of the 
most important technical activities he men- 
tioned was the development of wartime 
guides for the application of electrical 
equipment, now being prepared by AIEE 
technical committees under sponsorship of 
the AIEE standards committee (page 258). 
He said that many requests for assistance 
had been received from various govern- 
ment offices, and he cited the war-produc- 
tion clinics now being sponsored jointly by 
AIEE Sections and other local groups as 
an aid to the war production. He called 
attention also to the special AIEE com- 
mittee on co-operation with war agencies 
and to the many ways in which it had as- 
sisted (EE, March 43, p. 119). Subsections 
now are being formed within the territories 
of some AIEE Sections, especially those 
covering a large territory, to assist in main- 
taining attendance at Section meetings 
under wartime transportation restrictions. 
He mentioned also the special wartime serv- 
ices established for the benefit of the mem- 
bership, and, as two examples, cited the 
quarterly news bulletin soon to be issued to 
AIEE members in the armed services and 
merchant marine, and the provisions which 
have been made to enable such men to 
maintain an inactive membership status, 
without payment of dues. 

What the MVEA is doing to aid the war 
effort was outlined by Arthur L. Muller- 
gren (M19) president of that association. 
He first described briefly the organizational 
setup and membership of the association 
and the types of meetings held. The place 
of the utilities in the war effort has been the 
theme of MVEA meetings since Pearl 
Harbor, he declared. ‘The intensified war- 
time activities in the midwest area have 
imposed particularly difficult problems on 
the power companies. Mr. Mullergren 
briefly described methods and measures 
which have been taken to cope with those 
problems. He emphasized the fact that 
all war-industry demands for electric power 
had been met, with minimum interference 
with nonwar activities. 

In the fourth address of the session, AIEE 
President Harold S. Osborne spoke on 
“The Engineer and the War,” discussing 
both the individual and professional re- 
sponsibilities of the engineer in the war ef- 


meeting 


ideas) 


fort. Full text of his address is presented 
elsewhere in this issue (page 233). 

“Electrical Indicating Instruments in 
Wartime” was the subject of the concluding 
address, delivered by Harold L. Olesen 
(M ’27) of the Weston Electrical Instru- 
ment Corporation, Newark, N. J. He 
briefly sketched the history of electrical 
instruments which he said originated in 
1819. No new principles have been de- 
veloped since 1883, he declared, but there 
have been great changes in the application 
of those principles and the resultant in- 
struments. He discussed the instruments 
required in the present war for aircraft, 
ship, and ordnance use, and characterized 
the requirements of instruments for ultra- 
high-frequency use in this war as totally 
unheard of previously. He indicated the 
magnitude of the present war requirements 
by stating that an average of one electrical 
instrument is required for every soldier. 
This means an output of from 12 to 15 
times normal on the part of the instrument 
manufacturers. He depicted the present 
status of electrical instrumentation by 
striking contrasts and comparisons between 
the present war and World War I. 


JOINT SESSION ON CRITICAL MATERIALS 


Conservation of critical materials was the 
theme of the second session held jointly 
with MVEA during the AIEE South West 
District meeting. Five addresses on various 


Analysis of Registration at Kansas City 
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Classification Section trict 7* tricts Totals 
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* Outside Kansas City. 


phases of the subject were presented. AIEE 
Vice-President E. T. Mahood presided. 
Never before have we known a shortage 
of raw materials required for industrial 
manufacture in the United States, said H. 
M. MacDougal (A’40) of the War Pro- 
duction Board, Washington, D. C., dis- 
cussing the functions and program of WPB. 
In citing some of the principal reasons for 
the present shortages, he drew comparisons 
and contrasts between World Wars I and 
II. He said that in World War I, only 94 
pounds of metal were required per man, 
whereas in this war 4,900 pounds per man 
are required. Other important factors are 
the greater size of our armed forces now and 
the requirements of the lend-lease program. 
Of the four M’s representing necessities in 
the present war-production program— 
men, machines, materials, movement—the 
most critical is materials. Substitutions and 
simplification of design are among the 
principal conservation measures advocated 
by WPB. Scrap no longer is considered a 
nuisance but a treasure; ordinary sources 
are becoming exhausted, however, and 
from now on scrap must be “dug” out of 
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At the AIEE South West District technical meeting: A. C. Monteith, chairman of the 

committee on power generation, who spoke on “Emergency Measures to Increase 

Output of Generating Equipment and Systems”; C. M. Laffoon, AIEE director and 

chairman of a subcommittee of the committee on power generation; and F. J. Meyer, 

AIEE director and vice-president in charge of operations for Oklahoma Gas and 
Electric Company, who spoke on “AIEE in the Southwest” 


obsolete and unused equipment. Mr. Mac- 
Dougal called attention to the salvage 
manual prepared some time ago for the 
power companies and said that a similar 
salvage manual is being prepared for all 
industry. In closing, he commended the 
power industry for its performance in the 
war effort. 

AIEE President Osborne in his address 
drew statistical comparisons between the 
amounts of critical metals available to the 
Axis countries and to the United Nations. 
The situation as indicated by these figures 
makes it imperative that we make the 
greatest possible use of what we have. He 
recommended the following six expedients 
to conserve critical metals: substitutions, 
redesign of products, restriction of plant 
addition to immediate needs only, stand- 
ardization, salvage, and reduced inventories. 
(Full text of Doctor Osborne’s address is 
scheduled for publication in a later issue.) 

An address describing the AIEE war- 
time guides for the selection and operation 
of electrical equipment, prepared by J. R. 
North, chairman, AIEE standards com- 
mittee (who was unable to be present), was 
read by A. C. Monteith, vice-chairman of 
that committee. The purpose of these 
guides is to assist users of electrical equip- 
ment to obtain the greatest possible utili- 
zation of such equipment under present 
emergency conditions. (A fuller descrip- 
tion of the guides, their history, purpose, 
and status, is outlined in a separate item, 
page 258.) 

Measures being taken by the telephone 
industry to conserve critical materials were 
outlined by C. W. Nystrom (M ’33) of the 
Southwestern Bell Telephone Company, 
St. Louis, Mo. Substitutions, changes in 
design, and recovery of used materials, he 
cited as the three principal methods em- 
ployed. He mentioned many specific in- 
stances of substitutions of less critical metals 
for more critical metals and quoted statis- 
tics as to the resultant savings. All used 
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materials and equipment are salvaged, he 
said, and, whenever possible, reused. He 
also called attention to the increasing use 
of carrier communication. Mr. Nystrom 
said that in spite of wartime operating 
difficulties, in 1942 three quarters of a 
billion more telephone calls were handled 
throughout the system than in any previous 
year and that there had been a 45 per 
cent increase in tool traffic. 

The last item on the session agenda was 
on emergency measures to increase output 
of generating equipment. This presenta- 
tion constituted a preliminary report on a 
wartime guide for the operation of electric 
generating equipment which is being pre- 
pared by the AIEE committee on power 
generation and two of its subcommittees. 
A. C. Monteith, chairman of that com- 
mittee, introduced the subject. Measures 
to increase output of generating equipment 
were reported by C. M. Laffoon, chairman 
of the subcommittee on that subject; and 
emergency measures to increase the output 
of generating systems, by R. L. Frisby, 
member of the committee on power genera- 
tion. (An article summarizing the recom- 
mendations made in the final form of this 
guide is scheduled for publication in an 
early issue.) 


STUDENT ACTIVITIES 


In addition to the regularly scheduled 
events of the meeting, features of especial 
interest to students were held. These in- 
cluded: a student technical session; two 
breakfast gatherings, one for Branch officers, 
and the other for Branch counselors; and 
student consultations wherein student 
members could confer with representatives 
of various industries. H. F. Huffman 
(M.’33) of the Southern Methodist Uni- 
versity, Dallas, Tex., was elected District 
chairman of student activities for the ensu- 
ing year, to succeed W. F. Gray (A ’38) 
current chairman. 


Student Technical Session. Edward Ancona 
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of the University of New Mexico Gioneb: 


presided at the student technical session. 


Four papers were presented by students 
from four Branches: 


1, The Operation of Single-Phase Watt-Hour Meters, 
Franklin Fansher, University of Missouri, Columbia. 


2. Revisions of the Electrical Code Due to the War 
Effort, L, V. Randle, Southern Methodist University, 
Dallas, Tex. 


3. Routine Testing of Residential Watt-Hour Meters, 
J. G. McDonald, Kansas State College, Manhattan. 


4. A Comparative Study of the Rationalized and 
Unrationalized MKS Unit Systems, G. L. Johnson, 
V. J. McKale, University of Kansas, Lawrence. 

Student Consultations. "Arrangements were 
made whereby students could confer with 
representatives of a variety of industries on 
conditions, prospects, and future outlook 
of those industries, Thursday morning, 
April 29. The following consultants were 
on hand, each in a separate room: 


Aviation—Luther Hoffman, Transcontinental and 
Western Airways. 


Communication—C. H. Weiser, Southwestern Bell 
Telephone Company. 


Consulting Engineering—R. L. Baldwin (F°37) 
Burns and McDonnell Engineering Company, Kansas 
City. 

Electrical Manufacturing—George Fiske 
General Electric Company, Kansas City. 


Power and Light Operating—G. O. Brown (A ’15) 
Kansas City Power and Light Company. 


(A?11) 


Transportation—J. A. Parkinson, Atchison, Topeka 
and Santa Fe Railroad Company 


LUNCHEON AND DINNER 


Informal talks by national AIEE officers 
featured the luncheon held Thursday, April 
29, during the Kansas City meeting. Stu- 
dents were admitted to the luncheon with- 
out charge, each student being assigned a 
senior member as host. C. G. Roush, 
chairman of the Kansas City Section pre- 
sided. At the AIEE dinner Thursday even- 
ing, Tom Collins, formerly of Kansas City 
(now of Omaha, Neb.) and well-known 
midwest after-dinner speaker, talked on the 
subject “‘Ready or Not?” He presented 
refreshing viewpoints on the current situa- 
tion. Vice-President E. T. Mahood acted 
as toastmaster at the dinner. 

“The Engineer’s Start in Civic Affairs” 
was the title of a talk prepared by P. L. 
Alger, chairman, AIEE technical program 
committee; in Mr. Alger’s absence, his 
talk was read by S. M. DeCamp (M ’24) of 
the General Electric Company, Kansas 
City. In this talk Mr. Alger suggested how 
the typical engineering graduate may pro- 
ceed in seeking both the professional stand- 
ing and the civic usefulness that accord 
with the high ideals of the engineering pro- 
fession. After establishing a professional 
standing, the young engineer may apply 
himself to civic problems. The normal 
procedure for developing his civic standing 
is exactly similar to that followed in his 
professional development. However, any 
undue time or effort spent on pursuing a 
civic hobby at the expense of his professional 
work, Mr. Alger warned, will react very 
strongly against acceptance of his ideas on 
civic matters. 

In the second talk, National Secretary 
H. H. Henline reviewed AIEE progress in 
recent years. He traced the fluctuations in 
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membership since the early*30’s, through 
the depression years and into the recovery 
period. AIEE membership now stands at 
its highest point in history—more than 
20,000 members. Committee structure, 
Mr. Henline said, has been kept flexible in 
accordance with current requirements. 
He mentioned recent changes, consolida- 
tions, and new committees appointed, He 
reported that local, District, and national 
meetings are now geared very strongly to 
wartime requirements, in accordance with 
policies adopted last August. In an effort 
to assist as much as possible in the war ef- 
fort, the Institute’s board of directors de- 
cided to continue a full schedule of national 
and District technical meetings in spite of 
transportation difficulties. In conclusion, 
he said that the AIEE now is in a strong 
position and that there is every reason to 
expect it to continue so. 

“ATEE in the Southwest” was the subject 
of the concluding talk at the luncheon, by 
F, J. Meyer, AIEE director, of Oklahoma 
City, Okla. Mr. Meyer discussed some of 
the current problems faced by engineers 
and engineering societies and their relation- 
ships to civic affairs. 


SECTIONS CLINIC 


Various phases of Section operation and 
management were discussed at the Sections 
clinic, and three recommendations to the 
District executive committee were passed. 
All Sections within the South West District 
were represented among the 35 members 
who attended. Also present were President 
Harold O. Osborne, National Secretary 
H. H. Henline, and Sections Committee 
Chairman E. T. Mahood. C. W. Mier, 
nominee for AIEE directorship, presided, 
and A. T. Campbell acted as secretary of 
the clinic. 

The various types of meetings held by 
the different Sections represented were dis- 
cussed in some detail. Some indicated a 
preference for relatively short meetings; 
others reported best results with dinner 
meetings. Some favored more joint activi- 
ties with other local engineering groups, 
especially in matters of mutual interest 
such as civic activities. One Section re- 
ported that each member of its meetings 
and papers committee is made responsible 
for one meeting during the season; this 
has resulted in some excellent meetings 
and in the development of candidates for 
Section offices. 

Mr. Mahood expressed the opinion that 
the general practice of sending incoming 
Section chairmen to the national summer 
meeting effectively promotes the welfare 
of the Institute, but that full advantage is 
not taken of the experience gained by out- 
going Section officers. The ensuing dis- 
cussion led to adoption of the recommenda- 
tion that: 


“It be made a part of the duties of the Section chair- 
men, at the close of their term of office to make a re- 
port in writing to the incoming officers, with copies 
to the District vice-president and the national secre- 
tary, covering the Section activities during the year 
and embodying recommendations for such changes, 
additions, or omissions in Section operation and 
management as their experience in office indicates 
would be beneficial to the Institute.” 


H. G. Mathewson, secretary of the North 
Texas Section, pointed out that many 
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Section officers take office June 1, whereas 
national officers take office August 1. Ma- 
terial pertaining to Sections operations is 
sent to the new chairmen on the latter date. 
Mr. Mathewson suggested that such ma- 
terial be sent to Section officers as soon as 
they take office and suggested also that 
more complete instructions might help. 
The following recommendation grew out of 
the ensuing discussion: 


“A pamphlet, to serve as a manual on Section opera- 
tion and management, should be prepared and dis- 
tributed to all newly elected Section officers by the 
national secretary upon notification of their election. 
This manual should cover all pertinent features of 
Section operation and management, duties of Section 
officers, and relevant parts of the constitution and 
bylaws.” 


The need of a clearinghouse for Section- 
meeting speakers also was discussed and 
various plans proposed. The discussion of 
this subject resulted in the recommendation 
that: 


“It be made a part of the District secretary’s duties to 
serve as a clearinghouse on speakers and programs to 
facilitate the exchange of information within the 
District as to the availability of speakers and programs 
or Section meetings.” 


President Harold S. Osborne spoke 
briefly regarding his travels among the 
Sections, declaring that “the was much im- 
pressed with the fact that the life of the 
Institute is in the Sections and that the 
future life of the Institute depends on 
them.” 


DISTRICT EXECUTIVE COMMITTEE 
MEETING 

Award of District prizes for Student 
Branch papers, formation of subsections, 
recommendations passed by the Sections 
clinic, and the financial problems of Sec- 
tions that are hosts to District or national 
meetings, were among the important items 
discussed at the meeting of the District 
executive committee. Vice-President E. T. 
Mahood presided, and District Secretary 
R. G. Kloeffler acted as secretary of the 
meeting. 

Secretary Kloeffler presented a report 
covering certain aspects of the award of 
District prizes for student papers. His re- 
port and the ensuing discussion culminated 
in passage of the following motion: 


1. The time of closure for submission of Student 
Branch papers for consideration for the District award 
shall be June 30, 


2. It shall be the policy of the District to arrange for 
the judging of these papers as early as convenient 
after June 30 and to present the award early in the 
following fall. 


3. In any year the granting of the award for the 
best Student Branch paper may be withheld if less 
than three papers be submitted or if the quality of the 
papers submitted be below normal. The decision 
concerning the quality of the papers is to rest with the 
judges. 


Representatives of all Sections in the 
District reported that careful consideration 
had been given to the possibility of forming 
subsections. All but two Sections reported 
that subsections do not seem to be desirable. 
S. C. Commander, secretary of the Houston 
(Tex.) Section, reported that speakers at 
meetings in Houston sometimes repeat 
their talks at additional meetings in Beau- 


mont. F. A. Decker, chairman of the New 
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Mexico—West Texas Section, reported that 
Albuquerque is 300 miles from Section 
headquarters and that it needs a subsection. 

Action was taken providing for the 
establishment of a District fund to assist 
host Sections in financing District and na- 
tional meetings. To start the fund, the 
Kansas City Section agreed to turn over 
any funds remaining from the special col- 
lection made to finance the current District 
meeting. ‘The plan calls for contributions 
from the Sections at the rate of 25 cents per 
member, annually. The District secretary 
will act as custodian, and payments from 
the fund are to be made only with the ap- 
proval of the chairman of the Section 
holding a District or national meeting, the 
District secretary, and the District vice- 
president. Final approval of the plan rests 
with the executive committees of the Sec- 
tions. 

Three recommendations made at the 
clinic on Section operations and manage- 
ment (reported separately) were adopted 
by the District executive committee. The 
recommendation pertaining to the prepara- 
tion of a manual on Section operation and 
management is to be referred to the com- 


mittee on Sections by Vice-President 
Mahood, who is chairman of that com- 
mittee. 

A proposal to hold the next District 
meeting at San Antomio, Tex., was dis- 
cussed informally, and tentatively ap- 
proved. 


COMMITTEES 


E. T. Mahood, vice-president represent- 
ing the South West District, was chairman 
of the meeting committee. Other mem- 
bers were A. T. Campbell, P. C. Ellis, W. 
F. Gray (District chairman of student 
activities), R. G. Kloeffler (secretary, 
South West District), I. T. Monseth (chair- 
man, St. Louis Section), Ralph, Randall 
(chairman, Oklahoma City Section), C. G. 
Roush (chairman, Kansas City Section), 
P. H. Underwood (chairman, Houston 
Section), and C. V. Waddington. 

Subcommittee chairmen were as follows: 


Meetings and Papers—V. P. Hessler. 
Student Activities —R. L. Baldwin. 
Inspection Trips—A. E, Bettis. 

Publicity and Attendance—A. T. Campbell. 
Finance—George Fiske. 

Hotels and Registration—C. G. Roush. 
Tuncheons and Dinners—P. C. Ellis. 


Four Technical Sessions Held 


at Kansas City Meeting 


Sessions on electrical machinery, com- 
munication, transportation, and selected 
topics comprised the technical program of 
the recent South West District meeting in 
Kansas City, Mo. Conservation of ma- 
terials, emergency loading and utilization 
of electrical equipment, teaching of wartime 
subjects, and special practices developed to 
meet wartime needs were among the most 
important subjects discussed. 


ELECTRICAL MACHINERY 


Design and construction features of the 
Oilostatic transmission system and its ap- 
plications were described by Charles E. 
Bennett (F’25) of the Okonite-Callender 
Cable Company, Inc., Paterson, N. J. 
This system consists of one or more paper- 
insulated cables installed in a steel pipe 
which is filled with insulating oil under 
high pressure. Mr. Bennett presented 
operating data on the first system, which 
was installed in 1932 on a 66-kv line, and 
which, he said, had operated successfully. 
Satisfactory operation was reported on 
other installations ranging in voltage up to 
132 kv. Ten years’ experience in handling 
and installing nonleaded paper cables in 
steel pipes has demonstrated that this is 
not injurious to the cable. 

There is no safe overload rule for utiliz- 
ing the latent emergency capacities of 
transformers, said J. K. Hodnette (F ’42) 
of the Westinghouse Electric and Manufac- 
turing Company, Sharon, Pa., who spoke 
on conservation of critical materials in 
transformers. However, he described a 
simple thermoelectric relay, the thermal 
characteristics of which match those of the 
ordinary transformer. He also described 
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the use of Hipersil, an improved silicon 
steel for transformer cores. ‘The use of 
this material results in a transformer of 
smaller physical dimensions which means 
the saving of materials in all parts of the 
unit; the average saving is said to be 20 
per cent as compared with transformers 
using ordinary silicon steel. With regard 
to transformers already in service, Mr. 
Hodnette pointed out that air-blast cooling 
and provisions for circulating the oil within 
the transformer tank would each increase 
the rating of a power transformer by one 
third. By utilizing both these expedients, 
45 per cent less materials are required for 
a given transformer output. 

A paper “Effect of Control on the Char- 
acteristics of D-C Series and Shunt 
Motors,” presented by A. A. Merrill of the 
General Electric Company, Schenectady, 
N. Y., showed how the characteristics of 
these motors may be ‘“‘twisted’’ into almost 
every desirable form by simple manipula- 
tion of external resistors and connections. 
Mr. Merrill presented many charts showing 
the speed-torque relationships for a variety 
of types of control connections and ex- 
plained their application to specific prob- 
lems. 

“Normal and Emergency Loading of 
Power Transformers,’ by H. B. Keath 
(F 39) and W. L. J. F. Godin of the Wagner 
Electric Corporation, St. Louis, Mo., was 
presented by Mr. Godin. In this paper the 
authors endeavored to unify,and to bring 
up to present-day practice the different 
viewpoints on this subject. ‘They contended 
that all groups and subdivisions of trans- 
formers can be brought back to the funda- 
mental case of the 55-degree-centigrade- 
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rise self-cooled transformer and that the 


various groups differ only in their external — 


features—that is, in the method of cooling 
and conditions of loading. This simplifies 
the procedure of determining emergency 
overloads. Standardized rules for normal 
loading or loading for normal life expect- 
ancy simply become functions of the aver- 
age daily ambient temperatures, the authors 
concluded. 

“Graphic Solutions in Unbalanced 
Transformer Loading,” by R. H. Jones, Jr. 
(A 41) of the Moloney Electric Company, 
St. Louis, Mo., was presented by W. C. 
Wooley (Mr. Jones is now on active duty 
as a lieutenant in the United States Naval 
Reserve). This paper outlined the develop- 
ment and application of several graphical 
constructions in the solution of problems in 
unbalanced transformer loading. 

O. T. Farry (M ’40) of the Wagner Elec- 
tric Corporation, St. Louis, Mo., presided 
at this session. 


COMMUNICATION 


The session on communication began 
with a paper on wartime courses in ultra- 
high-frequency techniques, by R. E. Gal- 
braith (A ’38) of the University of Texas, 
Austin. He said that it had been found 
necessary to give not just training in 
ultrahigh-frequency work but complete 
training in radio, because the majority of 
students had had no previous radio train- 
ing. The course, which requires 16 weeks 
for completion, is divided into four parts: 


1. Smoothing circuits. 
2. Transients. 
Antennas and wave guides. 


3 
4. Negative-grid tubes. 


He said that in the beginning no textbooks 
nor laboratory apparatus were available; 
consequently, special ‘‘class notes” had to 
be prepared and makeshift apparatus pieced 
together out of parts collected from a 
variety of sources. In the discussion of this 
paper it was pointed out that the expanding 
applications of ultrahigh frequencies will 
require a change in the method of teaching 
the fundamentals of electrical transmission. 

The paper, “Train Communications,” 
by L. O. Grondahl (M’42) and P. N. 
Bossart of the Union Switch and Signal 
Company, Swissvale, Pa., was presented by 
G. A. Richardson (A ’42) of the University 
of Kansas, Lawrence. The paper describes 
a carrier system for communicating between 
railway vehicles and between such vehicles 
and fixed points. (This paper is scheduled 
for publication in the July Transactions 
section. ) 

Communication facilities provided for 
civilian-defense purposes were described 
by O. S. McDaniel of the Southwestern 
Bell Telephone Company, Dallas, Tex. 
He described: 


1. The aircraft warning system whereby information 
on airplanes is communicated to Army authorities. 


2. The air-raid warning system whereby the Army 


communicates its instructions to the air-raid wardens. 


3. The provisions enabling the wardens to transmit 
information to the public and to summon any re- 
quired services. 


ELECTRICAL ENGINEERING 


- 


cs 
> 


He described the so-called conference sys- 


_tem whereby from 10 to 20 telephone calls 
may be made simultaneously, thus facilitat- 
_ing the sending out of warnings to danger 
areas. He also mentioned the war emer- 


_ gency radio service established for local 


communication when other means fail 
(EE, May, °43, p. 224). 

The final paper of the session, by G. A. 
Dyer (M’°39) of the Southwestern Bell 
Telephone Company, Dallas, Tex., de- 
scribed the recently installed Dallas-San 
Antonio intercity toll cable. Mr. Dyer first 
traced the fluctuations in telephone traffic 
on his company’s system from the late 20’s, 
through the depression years, and into the 
present period of intensified activity. Ex- 
tensive use of carrier of the so-called “7” 
and later the ‘A’ types have assisted ma- 
terially in meeting wartime demands for 
increased communication facilities. Mr. 
Dyer then described the twin cables in- 
stalled between the two cities and told how 
the cables were buried in the ground and 
covered, all in one continuous operation, 
by a special plow train. His oral presenta- 
tion was supplemented by a motion picture 
showing the operation of the plow train 
and some of the many obstacles encountered 
on the right of way. 

H. R. Fritz (F°39) Southwestern Bell 
Telephone Company, St. Louis, Mo., pre- 
sided at the communication session. 


TRANSPORTATION 


Operating experiences with modern 
rapid-transit equipment was the general 
subject of four papers presented at the 
transportation session. I. T. Monseth 
(M_°39), Westinghouse Electric and Manu- 
facturing Company, St. Louis, Mo., pre- 
sided. 

The advantages of high-speed traction 
motors were discussed by C. A. Atwell 
(A ?41), Westinghouse Electric and Manu- 
facturing Company, East Pittsburgh, Pa., 
in the first paper. (This paper is scheduled 
for publication in the July Transactions 
section. ) 

Although we are now engaged primarily 
in a war of production of materials and 
transportation of men and materials to the 
scene of the fighting, of almost equal im- 
portance is the transportation of workers 
between their homes and the plants produc- 
ing war materials, said G. M. Woods, West- 
inghouse Electric and Manufacturing Com- 
pany, in his paper ““Maximum Utilization 
of Transit Equipment.” He outlined 
methods in use by rapid-transit companies 
in handling the unprecedented increase in 
traffic brought about by the war. Some of 
the expedients discussed are: rehabilita- 
tion of retired cars; puchase of second-hand 
cars, previously released from abandoned 
routes; restoration of streetcar service 
where tracks still exist; improvement of 
scheduling; and purchase of new cars 
where extreme need can be shown. Other 
at least equally important steps, he said, 
rest with the communities them- 
selves. Among these are staggering 
hours, reducing number of stops, and facili- 
tating the movement of mass-transportation 
vehicles by giving them preference in 
traffic regulation. 
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Kansas City’s wartime experiences and 
practices in mass transportation were de- 
scribed in a paper by L. L. Davis (M °36) 
and G. H. Frieling, of the Kansas City 
Public Service Company, presented by Mr. 
Davis. Riding in Kansas City. for the six 
months prior to March 1, 1943, increased 
75 per cent over the corresponding period 
prior to March 1, 1941, he said. To date 
it has been possible to supply the increased 
demand. Vehicles that formerly were 
operated with partial loads absorbed much 
of this increase. Old discarded equipment 
has been rehabilitated and placed in 
service. The changes instituted by the 
Office of Defense Transportation have 
added an equivalent 289 vehicles to the 
fleet and saved an estimated 2,961,215 


Membership Passes 20,000 
Mark 


Institute Members: 


The Institute has crossed the 
20,000 mark in membership. This 
accomplishment has, in large meas- 
ure, been due to the co-operation 


which we have received from individ- 
ual members. The names which 
many of you have suggested have 
given us a substantial base upon 
which to build. We want you to 
know that this effort on your part is 
appreciated. 


(Signed) JOHN H. PILKINGTON 
Chairman, National Membership Committee 


vehicle-miles per year, Mr. Davis added. 
He mentioned the splendid co-operative 
spirit of the public and the additional 
burden on maintenance facilities. 

In the final paper, F. Norman Hill of the 
St. Joseph (Mo.) Railway, Light, Heat, and 
Power Company, summarized 11 years’ 
operating experience with trolley coaches. 
He presented some interesting comparisons 
between trolley and motor coaches. ‘The 
trolley coach is approximately 15 per cent 
faster because of its better accelerating 
characteristics, and its negotiating grades 
more easily. The trolley coach has a 
higher first cost, but lower operating and 
maintenance costs and longer life. Public 
reaction favors the trolley coach, as re- 
flected by traffic increases. 


SELECTED TOPICS 


Five papers on many different subjects 
were presented at the selected-topics ses- 
sion at which G. T. Shoemaker (F739), 
Kansas City Power and Light Company, 
presided. 

G. C. Quinn, Allis-Chalmers Manufac- 
turing Company, Milwaukee, Wis., re- 
viewed wartime trends in arc welding. 
Although arc welding has been used for 
many years in maintenance and repair 
work, only recently has it been applied to 
production. Although it started slowly, 
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the increase in application during the cur- 
rent war period has been tremendous. To 
illustrate, Mr. Quinn said that $18,000,000 
were spent on arc welding in 1938, but in 
1942 the expenditure for the year had risen 
to $128,000,000. He reviewed the prog- 
ress in welding techniques, electrodes, and 
machines. Standard techniques are 
needed, he said, and this problem is only 
halfway solved. Electrodes, which were 
poor at the beginning, have been improved 
vastly, and small percentages of alloying 
elements are now being added to the rod 
coatings. He predicted further improve- 
ment and standardization of welding rods. 
In regard to equipment, he said that d-c 
motor-generator sets had been developed 
highly and had not been changed much in 
recent years. Electronic welders are prov- 
ing best for thin materials. Transformer 
welders were initially unsatisfactory, and 
many operated at too high voltages; 
with the introduction of coated electrodes, 
these voltages were reduced. A-c welders 
giving continuously variable output cur- 
rent later were developed; today a-c 
welders comprise a large part of new equip- 
ment installations. 

One of the few safety engineering courses 
in the United States was described by A. 
Naeter (M30), Oklahoma Agricultural 
and Mechanical College, Stillwater. The 
course consists of three parts: 


1. Physiology and industrial hygiene. 
2. Safety engineering and accident prevention. 
3. First aid. 


Lectures are given by men engaged in 
actual safety work and also by faculty mem- 
bers. First-aid instruction is given by a 
representative of either the Bureau of 
Mines or of the Red Cross. ‘The instruc- 
tion is supplemented by practical hints for 
safe working procedures. 

The third paper of this session, by G. F. 
Leland and L. T. Rader (A’34) of the 
General Electric Company, Schenectady, 
N. Y., presented a mathematical analysis 
of dynamic braking of a d-c shunt motor 
and its load. (This paper is scheduled for 
publication in the July Transactions sec- 
tion.) 

Amplidyne circuits were described and 
performance characteristics analyzed in 
the fourth paper, by F. E. Crever (A 27) 
of the General Electric Company, Schenec- 
tady, N. Y. 

Inductive heating in ferrous-metal equip- 

ment members adjacent or in close proxim- 
ity to conductors in switchgear was the 
subject of the final paper, presented by 
Stanley C. Killian (A’42) Delta-Star 
Electric Company, Chicago, Ill. With the 
present emphasis on conservation of cop- 
per and other nonferrous metals, it is im- 
portant that the less critical metals be used 
wherever possible for fittings and enclosures. 
Mr. Killian summed up the data presented 
in his paper in the following approximate 
manner: 
“Up to 600 amperes, little precaution needs to be 
taken against magnetic heating, and steel parts can 
be used almost indiscriminately. From 600 to 3,000 
amperes, the problem must be given careful considera- 
tion, and nonferrous parts must be used in conjunction 
with ferrous parts. Above 3,000 amperes, all parts 
should be nonferrous.” 
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Section and Branch Activities—Annual Report for 1942-43 


The following constitutes the annual 
report on Institute Section and Branch activ- 
ities for the fiscal year which ended April 
30, 1943. Similar information for three 
preceding fiscal years appeared in Electrical 
Engineering in June 1942, pages 322-3; 
June 1941, pages 285-7; June 1940, 
pages 250-3. 

Present members of the Sections com- 
mittee and the committee on Student 
Branches, which supervise the divisions of 


Institute activities covered by this report, are: 


Sections—E. T. Mahood, chairman; J. M. Thomson, 
vice-chairman; E. W. Schilling, secretary; O. C. 
Brill, M. S. Coover, C. A. Faust, H. L. Hazen, S. J. 
Lisberger, W. B. Morton, R. M. Pfalzgraff, and ex 
officio the chairmen of all Sections of the Institute. 


Branches—R. G. Warner, chairman; E. W. O’Brien, 
vice-chairman; H. W. Bibber, L. A. Bingham, P. L. 
Hoover, Everett S. Lee, W. J. Miller, A. Naeter, B. L. 
Robertson, G. H. Sechrist, V. G. Smith, E. M. 
Strong, G. W. Swenson, and ex officio all Student 
Branch counselors. 
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) wo bs bi 
gO oe 
aa as 8 EX ES 2 
Bere 0 er wad 1 OO AC Temata ae! 
eo st pb se Se to oe Butea 
ms pe 23 Sid as wo 23 Sq 
Bis Be Be ba He ee 52 62 
Section << 44 ZS << Section 4< 44 Z5 << 
Abron@amiannpee one cents 87 94 8. 67 Transportation 
(Alabaimacencng. tees c tis 45 44 Die emi RLOWD Jometielteies, Stators era ness tel aiatarne PAs feng Hoke) 
JANMZONAG e sievarste cys ean 28 37 es CY AilfGminatonieroup arise lel arie ne oe ree hs} 
BasicSclence PrOoup mia. sles oe ae rere fede) 
Boston,.............., 4590 1616.52) 85- 220" “negara Fronticr i... . 207 Agape Beaer 60 
Central Indiana........ Whe 5 AIS Ge Mb scats Niagara Falls Sub- 
Ghicagow sees (wane ile |) enna Ong cee BOCWOR 5a oooh ieusig so reia ata eg asin ove org nie 1 
Rowen grup Pena tee olan tae 4... 64 North Carolina......... 101 107 1 68 
Industrial proup i. ve cscte cites eee ee ee oe Shean Moe) INonthmlexasn erect ne 181 170 8 77 
Soman usice ton Oklahoma City. ....... 117s 94043... 10,.0 88 
BRGOUE coir at ortatiaein sy Om missense Eieiate As Boo ih 
Gincinnatiinncsacien sre DI Arty Ok, Loe: Philadelphia ena en T5050 2809 je Uva 207 
Dayton!Subsechonl seme... cues ceuese 6 1 Instruments and 
Clevelandiny.. asc stecere 363.00) Ov Onesie measurements dis- 
Mechnical proupeeceese reer ears gga TES CUSSION STOUPIcieaereriek renee eo Ze 140 
olumbusmer.c. coho 86.. Qoee | Dem oae Communication dis- 
Zanesville Subsection. CUSSIONIGT OW) sereleatertetststos et elelecotedsi cla Baa te) 
Gonnecticutirem emis coches Oe ae ee oao: woe! Industrial _ practice 
Dee 177 180 8 62 discussion group eee cationic Dive 41 
ee ee aS. ae cae Power discussion 
East Tennessee.......5. 137 145 14.8232 PCOUD ig inca ai ietos ecole se elves heteeuala ee eae Aeoays O 
BO et caie Se has 56 65 6255160 Foremen’s discussion 
. SLOUP caren ctersteeevey outs Seles lo eRe ea gamete eee 1 rs 4 
ss Bers eee 100 111 1... 12 Pittsburgh............. Nee EiPso5 il, 
ort Wayne........... 80 93 Pos GS TUS, odsdosotoon: Wiig, IOS. Gal 7d 
Georgia oe ee cee 122 119 Bees Popitlamlectures sae-vecetainicrteiacrta tts 6 
Portlanders sete eta lere 1962. al 96ee. LOL cat 
PL OUSCOM Ries ekererere cts cle oie. 141 133 Orn. (06 Transmission and 
lowaseer Geta. 81 en, dhie,, OF Sis EB OR COR 
ister eee ee i MALLS CH Sn sis shed simeertnt sie ender emneetor tee 2 ee 50 
ae - peepee a — Brovidenta Ac 5 om 95.7 “100 em ors 
Kansas) ity emncrneeiss 12 140... 
8 poe “Rechesters.c.<sse4een: 4104,.01taes. tae. 90 
Lehigh Valley--..t 22... 194. RAR Ona, hil 5 
Foi vngeler ee oe ROT 540 11. 92 ph oe PO ace hehe SU is eee 
Aviationidivisionlstecade. 0 eras eds 1 Seay aa She aay raat agen oc 
cic ore ee ie 86... 73 9 87 San Francisco ..05..< ac. Seo ee Lotte |) Seekoe 
TERE oe Mh ade ae i 167) ee Saskatchewan... ss 0% 108. Sl A 
u : CO ee) Scheneciady, «ae oe 484. eS 59eee eto 
Nec ee > SRR F Scat sc ce Moat BOD Red OO ue Saeko 
Rock River Valley Sharon entmccnsas eee 120 153 Ste (OW 
Subsection. .... oR 28 Ries fod ne Sinem i: South Bend. ........+.- 52... 58... 10... 58 
Mansfeld: aimee Git, - ite Oo) ve South Carolina......... BIDE DO are ate ReaD A: 
Maryland............. DRG SOO) E104 South Dexas on sates ee 48.. BS aera Gik a) Ou 
Menta ccnten er) 66. 86s, 9.229 SPORARE. anda 5 gs BE ~ BP eae Puen AG 
IN tae rie pee pe 7) Ry, en oh Springhieldiy. ps. sues Dice bere Meer ony 
Michigan............. 20cm ae ee Onmetior Syracuse: wremsnerete vere LOS jem elo ners mar ioer tC, 
Round table meet- . Toledo cee nt Tees 80.. Gee hea Wan 
INBS eee eee eee eee tee e eee teens tae Toronto... 363 396 14 153 
Milwaukee............ 286; Se OIG eee LORM SS a0 pales Oe ne TM. Se Poe 
MEE duoc aconsnen OE, “O40, Be Demme paved Seay zeke ae Poo neeg 
' Power group meet- Whi) BEN cf ee tne Cn are 68.. Ch elaine 
PIF aka OOS ME Aa Reno OOe een Illinois Walley Sub- 
MOMMA coauoadaaee OG 6, Sn Semel section, Peoria....... 
Montreal i, ashe mn re esi ae 1... 38  Utah................. 72... 64... 9... 45 
Muscle Shoals.......... 30 33... 7 20 Wancouvernnneisaen nets Oras Syas  Ape trl 
Nebr 45.. 59... 5... 53 Virginia yet we cieteamte LV ee tO 
New Mexico—West Washington... 5... AQT.) 600% 9 e209) 
BREXAS Vint aee chen Sects 43. 43 8 17 WestVirginia......26. 54.. BD ene alan 200 
New Orleans eapareiantie st (eres 132 133 teas geey) Wichitarena sont cutters 64.. Dileep Os) rae 
ING Wer Ork = Sccrcronoenin 3,492 SAdT on. “45. 2058 Woreesters ae. ke ces 65.. GBs er elie are OU 
BOWER STOUD semertam mise. pictlinascssincaws Bie. naad ; 
Communication Total Sections 73....... 15,927. .16,652...598 
LOU eranit tere tere ece cofeietstc¥ eet teicher s(eheiste eee 3) Total attendance, 66,111 


ee eee 


264 


Institute Activities 


Table II. Branch Meetings Held Dur- 


ing Year Ending April 30, 1943 


Num- Average 


Branch ber Attendance 

Akron; University of sim em. eatleleietele Omniater 10 
Alabama, Polytechnic Institute...... ia nlc 50 
Alabama, University of...........- Thsnunre tine it) 
Alberta, Universtty (ofspmieic sienna 5 ae cite 23) 
Arizona, Umiversitysof. 2.1). era 295, valance 14 
Arkansas, University of...........++ BE) riem 4 00 14 
British Columbia, University of...... Pe aio n 21 
Brooklyn, Polytechnic Institute of 

Day. division; .... 2) 7stectarier derele (MOG 5 23 

Evening division... ave. sere: ies Giefeteuaheys 12 
Brown! University 7 cca, + eeteterstette Birrell 17 
Bucknell University;.cm caterrests irre COD ot 25 
California, Institute of Technology... 5.....- 38 
California, University of..........-- Anes 41 
Carnegie Institute of Technology....25...... 69 
Case School of Applied Science...... DBA o€ 29 
Catholic University of America...... 2...... 21 
Cincinnati, University of..........- LOM tecctrs 27 
Clarkson College of Technology..... Avictenotye 20 
Clemson Agricultural College....... Se eee 27 
Colorado State College..........-.- An sere 17 
Colorado, University of............ See geet 35 
Columbia University..............- ASNan sits 30 
Connecticut, University of..........+ Binet 28 
Cooper Union 

Day Givisions.eiso.s anne tee eee hens Oneness 29 

Evening division - (ace metas ents eer 
@ornell, University.7..5 peers eee Bpiwalaies 56 
Delaware, University of........-..' A tnecate 23 
Denver, University of..2..........> ‘Tearae 25 
Detroit, University of. ...9).- <0 g-s er Oso aers 31 
Drexel Institute of Technology...... 5 ARPA 24 
DukesWUniversteynm tre stot veers isyertorer 21 
Ploridas, University of, «2c seer este Oe as. 20 
George Washington University...... 1 careers 23 
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Harvard University sts .1-21- 00 21-- eer 
Idaho; University of, (5.2.02. snes 1) eae 55 
Illinois Institute of Technology. ..... Da seasrelge 46 
Tlinois, University of. 22... «2 --' 5 - eae See 440 
Towa State College cg er miict oie ici Bo ae ar 52 
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Kansas State College... . 05. 252-05 Aer 72 
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Marquette Umiversity. i aectee nites 
Maryland, University of............ Tera felye 19 
Massachusetts Institute of Tech- 

1010) Oy a eh, AO MCRL CI OOS cho 
Michigan College of Mining and 

MecGhnolopy) teste este see ciieuoeetereretere 2A ier 2 34 
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Branch ber Attendance Branch ber Attendance 
= =a « 
D lew York Univaraity © . Wyoming, University of..........., MES arty 18 
Seay division. cose sk A aac oe Ralor University pais tite vteen 0 els WS 58 
Evening division............. oe pee Ear 27 Total—125 Branches 
North Carolina State College. ...... Wisck eee 
North Dakota Agricultural College . . 
North Dakota, University of. ...... ihre She 
Northeastern University pitas Saeeae Ubi retin, O) Table III. Section Meetings Held Dur- 
Northwestern University... ........ lide are Be i H 
Norwich University............. 4 18 ing Last Three Fiscal Years 
Notre Dame, University of... perag et. 19 rr SENN 
_ Ohio Northern University. ......... ‘eee 1 Fiscal Year Ending April 30 
Ohio State University.............. A #33 
Ohio University............. A: ee 23 on AY 
Oklahoma Agricultural and aa 
IMechanical Colleges. Soe. Bae Ae 32 Number of Sections.... 72 '.. 72... 73 
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Jeu er ee eee ee Aes 21 Total attendance.......92,554 78,254 . 66,111 
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2 eb ae Average attendance per 
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Ptate Inatltate ss 25.5 oc vee. Doves Cs 33 ESS aad & 
Princeton University............... 3 
Purdue University... ox ..ss0 cs ce ens Pt eee 76 
Rensselaer Polytechnic Institute... .. Sri eco. 46 Table IV. Branch Meetings Held Dur- 
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‘Rice Institute................ 9 26 ing Last Three Fiscal Years 
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South Carolina, University of. ...... Sees 20 1941 1942 1943 
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Stanford University................ eee 27 Average number of 
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Texas Agricultural and Mechanical 
RSQUORE 5 ta Ces wi si ORs y nelwe bes Oe 39 
Texas Technological College........ a 29 
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iPukane University... cn. <- 32-0052 it mane A 23 
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Utah, University of... .-...-.---.-: Ge. 0ee 26 District Location Date 
Vanderbilt University.............. = 
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Nebraska Student Branch 
Passes 50-Year Mark 


The University of Nebraska AIEE 
Student Branch founded in 1893 as the 
Electrical Engineers Society celebrated its 
50th anniversary May 5, with a dinner at 
the Lincoln (Nebr.) YWCA.  Reminis- 
cences of the original society’s activities by 
former members keynoted the meeting. 

In 1907 the older society received 
Branch standing in AIEE. The Nebras- 
kans recalled that three former AIEE 
presidents have come from their ranks: 
Bion J. Arnold, president 1903-04; Dugald 
C. Jackson, president 1910-11; and Harris 


J. Ryan, president 1923-24. J. G. White, 


founder of the New York engineering firm 
and AIEE vice-president from 1907 to 
1909, was also an early member. 

The celebrants were reminded of the 
origin of a Branch custom which has per- 
sisted in the college’s ‘Engineers’ Night” 
ceremonies. Under the spell of the 1893 
World’s Fair at Chicago, Ill., R. B. Owens 
established in 1895 an annual show of the 
latest electrical developments. To the 
electrically naive public of the 1890's it 
held many of the elements of a sideshow. 
Demonstrations of the electric welding 
machine, the water-pail forge, the glowing 
Crooke’s tubes, the silver plating of pennies, 
the electrolytic decomposition of water, the 
traveling “‘electric-light man’? with bulbs 
fastened to his clothing, the arc furnaces, 
and the operation of dynamos, arc lamps, 
and other equipment were on the first 
program. K. C. Randall (M’12) was 
listed as “‘director of exhibits.” One of the 
two Edison bipolar generators which Pro- 
fessor Owens brought back from the Chi- 
cago fair is now in the Ford museum at 
Dearborn, Mich. - 

Evidence that the present members are 
keeping the high standards set by their 
predecessors lies in the fact that three of 
the last five annual prizes for the best stu- 
dent paper in the North Central District 
have been awarded the Nebraska Branch. 

A paper, ‘‘Effect on Telephone Circuits 
of Induction Motor Harmonics,”’ presented 
by I. M. Ellestad (A ’24), and a short his- 
tory of the Branch culled from the early 
minutes of the society, presented by a stu- 
dent completed the anniversary program. 
Congratulatory telegrams were received 
from H. S. Osborne, AIEE president, and 
A. L. Jones, AIEE vice-president for the 
North Central District. L. A. Bingham, 
nominee for the North Central District 
vice-presidency, is Branch counselor. 


Schenectady Section Organizes 
New York Production Clinic 


Following the expressed proposal of the 
War Production Board that managers, 
plant engineers, production men, shop 
superintendents, and foremen give others 
the benefit of their production experience 
to foster more intense development of our 
resources for total war, the Schenectady 
Section initiated a Northeastern New York 
War Production Conference jointly spon- 
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sored by the engineering societies of the re- 
gion. The one-day conference was held April 
15 at the Hotel Van Curler, Schenectady. 

The main work of the, meeting was con- 
ducted in two groups of four panel sessions 
held at 4 p.m. and 8 p.m., respectively. 
Each session was sponsored by the engi- 
neering society most interested in the prob- 
lem under consideration. 

The afternoon sessions discussed: operat- 
ing problems and maintenance, sponsored 

_by the New York State Society of Profes- 
sional Engineers; employment, training, 
and women in industry, arranged by the 
American Society of Mechanical Engineers ; 
metallurgy and materials substitution, 
under the sponsorship of the American 
Society for Metals; and, electric power 
supply, sponsored by AIEE. 

Evening panels were: electric motor and 
control problems, led by AIEE; inspection 
and quality control, arranged by ASME; 
welding, organized by the American Weld- 
ing Society; and, corrosion and metal 
protection, under the leadership of the 
American Chemical Society. 

To solve any individual problems con- 
fronting those attending the conference a 
special professional board for consultation 
was set up. The board of specialists, com- 
posed of members of the Schenectady works 
laboratory, General Electric Company, 
was prepared to give advice in the fields of 
metals and die casting, forgings, paints and 
varnishes, fusion welding, metallography 
and X ray, chemistry, die and tool steels, 
metallurgy, resistance welding, refractories, 
foundry, lubricants, brazing and soldering, 
and cutting tools. 

At the general meeting which opened the 
conference at 2:00 p.m., addresses by 
Colonel J. L. Walsh of the Army Ordnance 
Association, and L. A. Umansky (M ’27) 
of the industrial engineering department of 
the General Electric Company, were fea- 
tured. J. C. Page (A’41), conference 
chairman, presided. An address, ‘‘Educa- 
tion for Management” by Harold V. Coes, 
ASME president, was the main event of 
the dinner held at 6:30 p.m. T. M. Lin- 
ville (M’34), chairman AIEE Schenec- 
tady Section presided. 

Other engineering societies which co- 
operated in planning the conference were: 
American Society of Tool Engineers, the 
Society of Engineers of Eastern New York, 
the Society of Automotive Engineers, the 
American Society of Civil Engineers, and 
the Albany (N. Y.) Society of Engineers. 


1943 Lamme Medal Nominations 
Due December 1 


Special attention is directed to the fact 
that the names of Institute members who 
are considered eligible for the AIEE 
Lamme Medal, to be awarded early in 
1944, may be submitted by any member in 
accordance with section 1 of article VI of 
the bylaws of the Lamme Medal committee, 
as quoted in the following: 


The committee shall cause to be published in one or 
more issues of Electrical Engineering, or of its successors, 
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each year, preferably including the June issue, a state- 
ment regarding the ““Lamme Medal” and an invita- 
tion for any member to present to the national secre- 
tary of the Institute by December 1, the name of a 
member as a nominee for the medal, accompanied by a 
statement of his ‘‘meritorious achievement” and the 
names of at least three engineers of standing, who are 
familiar with the achievement. 

Each nomination should give concisely 
the specific grounds upon which the award 
is proposed, and also a complete detailed 
statement of the achievements of the nomi- 
nee to enable the committee to determine 
its significance as compared with the 
achievements of other nominees. If the 
work of the nominee has been of a some- 
what general character in co-operation with 
others, specific eae should be given 
regarding his individual contributions. 
Names of endorsers should be given as 
specified in the foregoing quotation. 


STANDARDS eee 


Revision of Marine Rules for 
War Emergency Now Available 


The AIEE committee on marine trans- 
portation at the request of the War Produc- 
tion Board has reviewed “‘Recommended 
Practice for Electrical Installations on 
Shipboard (AIEE Standard 45).” As a re- 
sult of this review there has been developed 
a modification of and Supplement to 
Standard 45. These modifications are is- 
sued solely for the purpose of conserving 
critical materials. The use of the modifica- 
tions will result in a shipboard electrical 


‘installation of a lower standard than is 


contemplated by the regular standard but, 
in view of the present emergency, is con- 
sidered satisfactory for the purpose in- 
tended. The modification of Standard 45 
must be used in conjunction with that 
pamphlet. Copies of the new publication, 
known as “454—Modification of and Sup- 
plement to Recommended Practice for 
Electrical Installations on Shipboard,” are 
now available at a cost of 50 cents each 
with the usual discount of 50 per cent to 
AIEE members on single copies. Copies 
may be procured from AIEE headquarters, 
33 West 39 Street, New York, N. Y. 


ABSTRACTS eee 


TECHNICAL PAPERS previewed in this section 
will be presented at the AIEE national technical 
meeting, Cleveland, Ohio, June 21-25, 1943, and are 
expected to be ready for distribution in advance 
pamphlet form within the current month, Copies 
may be obtained by mail from the AIEE order de- 
partment, 33 West 39th Street, New York, N. Y., 
at prices indicated with the abstract; or at five cents 
less per copy if purchased at AIEE headquarters 
or at the meeting registration desk. 


Mail orders will be filled 
AS PAMPHLETS BECOME AVAILABLE 


Automatic Stations 


43-84—Interim Report on Application 
and Operation of Automatic-Reclosing 
Equipment on Stub Feeders; AJEE sub- 
committee on a-c automatic reclosing equipment. 
20 cents. ‘This report presents the results of 
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Future AIEE Meetings 


National Technical Meeting 
Cleveland, Ohio, June 21-25, 1943 


National Technical Meeting 
Salt Lake City, Utah, September 2-4, 1943 


Southern District Meeting 
Roanoke, Va., November 16-18, 1943 


a survey which has been made to obtain 
data on typical present-day a-c automatic- 
reclosing equipment and practices as ap- 
plied to stub feeders having a single end 
source of power. The data received pro- 
vide a good summary of the reclosing prac- 
tices in general use and the performance be- 
ing obtained. They also give an indication 
of the possibilities of using immediate initial 
reclosure more extensively for some types 
of loads. This subject is of timely interest 
because of the possibilities of conserving 
critical materials in such cases where the 
application of automatic-reclosing equip- 
ment will defer the necessity of providing 
additional circuit facilities. 


43-101—Interim Report on Character- 
istics and Performance of Conductors for 
Supervisory Control and Telemetering; 
AEE subcommittee on characteristics and per- 
formance of conductors for supervisory control 
and telemetering. 25 cents. ‘The report sum- 
marizes data covering 189 circuits totaling 
about 1,200 circuit-miles and about 9,000 
circuit-mile-years. Whereas the amount of 
data may not be adequate to represent 
completely the practices and experiences 
with respect to conductors used for super- 
visory control and telemetering, certain 
generalizations seem permissible. The in- 
dications are that 


1. About 15 per cent of the circuits are over ten miles 
(route) in length. 


2. Slightly over half are privately owned. 


3. Less than 15 per cent have any open-wire con- 
struction. 


4. Only about ten per cent use a ground-return path. 


It is indicated that the pilot conductors ac- 
count for out-of-service time less than 1/20 
of one per cent of the total time. The dif- 
ferences between the performance of pri- 
vately owned and leased circuits are not 
large; the performance of both types of 
conductors is good, and continued improve- 
ment is indicated. Pilot conductors in 
cable, with automatic supervision and with 
properly designed and co-ordinated ter- 
minal protection, seem to be preferred in 
future installations. 


43-86—Experience With Oil Circuit Re- 
closers on REA Systems; Lee M. Moore 
(M40), Bruce O. Watkins (A’43). 20 
cents. For three years surveys have been 
made of the operation of small single-pole 
automatic-reclosing oil circuit breakers 
(also called “oil circuit reclosers’ and 
“service restorers’) on rural electric dis- 
tribution systems financed by the Rural 
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Electrification Administration. Results 
of these surveys indicate that the ratio of 
: lockouts to operations is less than five per 
cent in most cases, and that there are from 
four to nine operations per month per 
_ breaker during the spring and summer, with 
each breaker controlling about 20 miles of 
line. The number of breaker failures and 
other breaker difficulties have been a 
small percentage of the total number of 
breakers installed. These surveys, together 
with discussions with system managers, 
have indicated that automatic-reclosing 
breakers offer many advantages for rural 
line sectionalizing. Presently available 
breakers can be much improved in operat- 
ing characteristics, and new sectionalizing 
devices are needed. The paper presents 
suggestions for such improvements. 


Basic Sciences 


43-106—Formulas for Calculating Short- 
Circuit Forces Between Conductors of 
Structural Shape; Thomas James Higgins 
(4°40). 25 cents. The general theory es- 
sential to calculation of the short-circuit 
electromagnetic force exerted between two 
long parallel conductors with cross sections 
comprised of arbitrary configurations of 
parallel-sided rectangular areas is de- 
veloped through use of basic electromag- 
netic principles. Application of this theory 
encompasses that already developed for the 
special cases of two conductors having 
coplanar axes and identical parallel-sided 
rectangular or hollow rectangular cross 
sections. It affords calculation of the short- 
circuit electromagnetic forces exerted 
among the conductors of any d-c single- 
phase or polyphase bus comprised of con- 
ductors of structural shape (rectangular 
straps, rectangular tubing, channels, angles, 
tees, J beams, and the like), a category not 
generally treated hitherto in the literature, 
though the shapes just mentioned and 
others are now in common use. Corrobora- 
tive of the general theory and illustrative 
of application of it, specific formulas are 
obtained for the electromagnetic force 
exerted between the symmetrically located 
conductors of a single-phase bus comprised 
of two straps and two channels back-to- 
back. The principal literature on calcula- 
tion of the short-circuit forces exerted on 
bus supports is mentioned in the paper. 


43-107—A Method for Determining the 
Normal Modes of Foster’s Reactance 
Networks; Wilbur Reed LePage (A’34). 
75 cents. A Foster reactance network may 
be a series combination of antiresonant 
circuits or a parallel combination of reso- 
nant circuits. The zeros of the impedance 
function of the former or of the admittance 
function of the latter are the normal modes 
for their respective voltage or current exci- 
tation. The function is written in the 
partial-fraction form, and all but two of the 
terms are replaced by constants which are 
determined from a knowledge of an upper 
(or lower) bound of the required zero. 
The resultant expression may be solved 
for zero, as a quadratic, to give a new lower 
(or upper) bound, respectively. Continued 
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application of this process gives two se- 
quences, converging on the zero from above 
and below. There is a zero between each 
pair of poles; and, since these are known 
from the network structure, they may be 
used as the bounds of the zero, in the initial 
application of the process. 


43-108—A Method for Correlating Duty- 
Cycle Tests on Solenoids; Jr B. Ryan. 15 
cents. A method is presented by which a 
relatively small amount of test data can be 
correlated and used to predict the steady 
temperature rise of a particular solenoid 
when the latter is operating cyclically with 
any combination of load, stroke, and timing. 
Although it has been used chiefly for a-c 
solenoids, the method is applicable to any 
device which has a cycling period sub- 
stantially less than its thermal time con- 
stant. 


Civic Affairs 

43-122-ACO—The Engineer’s Interest 
in City Planning; F. A. Cowan (M29). 
20 cents. A report of the conference on 
City and Regional Planning at the North- 
eastern District meeting, Pittsfield, Mass., 
April 8, is to be made available at the sum- 
mer meeting. The report includes a résumé 
of the principal addresses and discussions 
by a number of civic officials and experts 
who are active in planning work. The con- 
ference covered such topics as the relation 
of industrial research to regional develop- 
ment and city planning and the role of 
planning in a world at war with special 
attention to the problems of the postwar 
period. Throughout the discussions em- 
phasis was placed on the contributions the 
engineer can make to planning programs 
and on the advantages of organizing the 
efforts of the engineers along these lines to 
make the most effective use of their knowl- 
edge and training. The necessity for a full 
appreciation by the engineers of the prob- 
lems of financing civic improvements and 
obtaining the co-operation and approval 
of the public was also stressed. The report 
closes with a summary of the conclusions of 
the conference and suggestions regarding 
the future interest of engineers in city 
planning as an aid in formulating their 
long-range engineering programs. 


Communication 


43-120—Subcenter Switching Systems 
for Teleprinter Tie Lines; F. L. Currie. 
20 cents. One of the means used by the 
telegraph companies for improving the 
speed of their service is the provision of 
printing telegraph circuits between their 
central offices and the offices of many 
users of the telegraph. In the beginning, 
circuits of that type were restricted to 
patrons whose volume of telegraph busi- 
ness and proximity to a central office 
justified the expense involved in their in- 
stallation and maintenance. A large part 
of that expense, when the patrons are 
located remotely from the central office, is 
in the line wire costs. This paper de- 
scribes an automatic-switching means 
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which economically enables a large num- 
ber of patrons, when grouped in one 
locality, to be furnished printing telegraph 
service with a distant central office by 
causing them to share the use of a com- 
paratively small number of line wires 
between that locality and the distant central 
office. The paper also cites benefits gained 
from present installations, 


Electric Welding 


43-121—Automatic Voltage Compensa- 
tor for Resistance-Welding Control; £. 
M. Callender (A’35), R. S. Phair (A’34). 
20 cents. The paper describes a simple 
electronic device that has been developed 
and used successfully to regulate the welding 
current under adverse line regulation. 
Line feeders are being overloaded heavily, 
and additional copper is often unavailable 
in this wartime emergency. The device, 
therefore, has special significance at this 
time. Circuits and general discussion of 
the welder control and the compensator are 
given. Numerical testing data are also 
given to show the importance of maintain- 
ing uniform welding current for consistent 
weld strength. Special interest may center 
around a brief discussion on methods of 
estimating instantaneous line voltage drops. 
This is just one of the problems in connec- 
tion with resistance-welding regulation that 
is unique because of the application of 
phase-controlled ignition of the welding 
current. 


43-93-ACO—Interim Report Emergency 
Measures to Increase Output of Generat- 
ing Equipment and Systems; AJEE Com- 
mittee on power generation. 65 cents. The 
AIEE standards committee, at its October 
9, 1942 meeting, requested that each tech- 
nical committee consider preparation of 
wartime guides to help the electrical 
industry find ways and means to “get 
more out of what it has.” The power 
generation committee considered this as- 
signment and decidéd that, because of 
many variables in construction and opera- 
tion of generating stations and systems, 
they could best serve the industry by com- 
piling a number of “‘hints’”’ on this subject. 
The logical approach was to make a survey 
of what had been done by manufacturers 
and operating companies. Two subcom- 
mittees of the AIEE power generation 
committee have completed these assign- 
ments and this memorandum summarizes 
results of their work. One subcommittee, 
composed of manufacturers’ representa- 
tives, assembled suggestions concerning 
generators. The other subcommittee, com- 
posed of operating-company representa- 
tives, obtained system data by means of a 
questionnaire which was quite widely dis- 
tributed to the larger operating groups. 
Both of these subcommittee reports have 
been presented at the AIEE January tech- 
nical conference in New York, the AIEE 
Kansas City technical meeting, and a 
joint meeting of the electrical equipment 
committee and prime movers committee 
of Edison Electric Institute. Many fine 
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comments and suggestions received from 
these conferences have been incorporated 
in this final report. 


. 


Electrical Machinery 


43-76—Pole-Face Loss in Solid-Rotor 
Turbine Generators; W. W. Kupper 
(A 34). 30 cents. This paper presents 
practical methods of predetermining the 
pole-face losses in solid-rotor turbine gen- 
erators. The fundamental mathematical 
analysis is shown in detail together with the 
steps taken in simplifying the general 
equations for the range of problems usually 
encountered by the designer. Sample cal- 
culations, together with test results, are 
included. To make the paper complete 
within itself as a method of determining 
these losses, methods of calculating winding 
factors are included. From the informa- 
tion presented, it is expected that designers 
will be able to predetermine pole-face losses 
for substantially all cases encountered, with 
greater facility and accuracy than has 
heretofore been possible. 


43-82—Critical-Material Conservation in 
Induction-Motor Manufacture; Henry M. 
Hobart (F712). 15 cents. The War Pro- 
duction Board’s general conservation order 
L-221 is stated to contain a provision 
whereby the horsepower of a new electric 
motor shall not exceed the requirements 
of the specific job for which the motor is 
purchased. Compliance with this and 
other conservation provisions contained 
in the order is expected to conserve annually 
about 6,000 metric tons of copper and 
55,000 metric tons of carbon steel. The 
present paper directs attention specifically 
to the case of general-purpose induction 
motors and describes means by which the 
desired conservation of critical metal can 
be effected promptly and without any 
impairment of the service reliability of the 
induction motors or any shortening of 
their life below the term of years experi- 
enced with the heretofore extremely con- 
servative basis of rating of all general-pur- 
pose motors. The plan (which employs 
capacitors), ensures a high stalling load, 
and improved power factor and efficiency 
at all loads, involves no loss of time for 
preparing new designs, and conserves a 
greater amount of critical material than 
the amount envisaged in WPB L-221. 


43-83—A New Type of Adjustable-Speed 
Drive for A-C Systems—II. A. G. Conrad 
(M’40), S. T. Smith (A’43), P. F. Ordung 
(A°43). 15 cents. The preceding paper of this 
series presented the theory and principles of 
operation of a new type of a-c motor and its 
control circuit. This system of speed con- 
trol has the advantage of being economical 
from the standpoints of initial cost, effi- 
ciency of operation, and ability to correct 
power factor. However, these advantages 
are not realized unless the machine is 
suitably designed and its control circuit 
properly adjusted to supply the necessary 
voltages and currents. The purpose of this 
paper is to explain the design proportions 
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and the adjustments of the supply voltages 
to provide for optimum operating character- 
istics. 


43-87—Interim Report on Overloading 
Distribution Transformers; AJEE trans- 
former subcommittee. 15 cents. The “Interim 
Report on Guides for Overloading Trans- 
formers and Voltage Regulators,” which 
was presented at the AIEE summer con- 
vention, June 22, 1942, and published in 
AIEE Transactions, volume 61, 1942, 
September section, pages 692-4, gave in- 
formation on the overloading of all types 
of transformers and voltage regulators. It 
was recognized, however, that the informa- 
tion given in that report might be somewhat 
conservative for distribution transformers. 
For this reason an additional report is being 
issued for use in conjunction with the above- 
mentioned report but specifically applicable 
to the operation of distribution trans- 
formers. 


43-88—High-Voltage Power-Trans- 
former Design; M. B. Mallett (M37). 
20 cents. A core-type power-transformer de- 
sign with shielded high-voltage winding 
and graded insulation has been developed 
for application in the higher-voltage classi- 
fications, and up to the present time more 
than 250,000-kva capacity of this kind of 
transformer has been manufactured and 
placed in service. The design employs a 
new form of construction for high-voltage 
power transformers which has been called 
‘distributed concentric construction.” 
Outstanding characteristics of the distrib- 
uted concentric-type transformer include 


1. Reduced inherent reactance resulting in a reduc- 
tion of critical materials for a given specification. 


2. Ready adaptability to forced oil flow directed 
through the winding ducts, resulting in a reduction of 
critical materials for a given thermal capacity. 


3. Simple and stable mechanical construction of 
windings, insulation, and shield. 


4. Strategic distribution of voltage stress throughout 
the dielectric structure. 


43-89—Quadrature Synchronous React- 
ance of Salient-Pole Synchronous Ma- 
chines; R. V. Shepherd (A’36), C. E. 
Kilbourne (M37). 20 cents. Quadrature 
synchronous reactance is of prime impor- 
tance in determining the synchronizing 
coefficient P,, which must be known ac- 
curately when synchronous machines are 
combined with mechanical drives having 
pulsating shaft torques, such as are found 
in Diesel or gas engines and reciprocating 
compressors. ‘This paper presents refine- 
ments in the theory and calculation of x, 
by taking into account the presence of slots 
in the stator and rotor surfaces. It presents 
a discussion of four methods of testing for 
xg, two of which have not previously been 
published, and compares results obtained 
by calculation and by the four test methods. 
Results show that x, can be calculated ac- 
curately over the wide range of machine 
parameters encountered in modern design 
and that a new method of test, the maxi- 
mum lagging-current method described in 
the paper, yields dependable and accurate 
values of x, and has great advantages in 
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simplicity of technique and ease of accom- 
plishment over all other methods presented. 


43-99—The Calculation of Unbalanced 
Magnetic Pull in Synchronous and In- 
duction Motors; R. C. Robinson (A’39). 
20 cents. here is outlined in this paper a 
method of calculation of unbalanced pull 
which takes into account the combined ef- 
fects of saturation, parallels, and primary 
reactance. The increased accuracy which 
this method affords should make possible 
more accurate predictions of mechanical ~ 
deflections and critical speeds. 


43-100—Distribution Factors and Pitch 
Factors of the Harmonics of a Fractional- 
Slot Winding; M. M. Liwschitz (M39). 
75 cents. The investigation of the frac- 
tional-slot windings with respect to their 
harmonic (differential) leakage, to noise, 
and so forth, is handicapped by the lack of 
a simple formula for the distribution factor 
of their harmonics. The object of this 
paper is to derive for the distribution factor 
of the fractional-slot windings formulas 
similar to those of the integral-slot windings. 
For this purpose the usual way of studying 
the fractional-slot windings, that is, the use 
of charts, is abandoned. The vector dia- 
gram of the different slots is used instead. 


43-114—Operation of Nonsalient Pole- 
Type Generators Supplying a Rectifier 
Load; M. D. Ross (M’42), F. W. Batchelor 
(4°38). 715 cents. This paper presents test 
results of temperature measurements on a 
nonsalient pole-type generator, when sup- 
plying a rectifier load, and presents a 
method of calculating losses caused by 
rectifier harmonic currents. Calculations 
substantiated by tests indicate that for most 
applications one may neglect the effect of 
the rectifier harmonic currents on the tem- 
perature rise of the generator. 


Electrochemistry and 
Electrometallurgy 


43-95 ACO—Arc-Furnace Control by Re- 
gulex Exciters; 7. B. Montgomery (M °417), 
T. H. Bloodworth (A°41). 15 cents. Sepa- 
rately excited commercial d-c generators are 
inherently power amplifiers with amplifica- 
tion ratios of 20 to 50. When two such ma- 
chines are connected in tandem, the total 
ratio is the product of the ratios of the indi- 
vidual machines. Special design permits 
further resultant amplification and fits the 
machines for their use as regulators. Such 
amplifiers when used to regulate an elec- 
trical quantity require stabilization to pre- 
vent oscillation. This type of system ap- 
plied to arc-furnace control has been made 
inherently stable. The control system is 
set at equilibrium at a given value of arc 
watts. Unbalance due to variations is 
transmitted through the closed system of 
the amplifier, without contacts, quickly 
establishing a proportional corrective speed 
in the electrode motor. Oscillograms show 
that arc energy is held to an average value, 
which has increased the heating rate per 
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unit of power expended under inherently 
rapidly fluctuating conditions. 


43-96—Rotating Regulator for Arc Fur- 
naces; R. A. Geiselman, C. C. Levy (A’ 33), 
W. R. Harris (A’38). 15 cents.. Increased 
production of steel alloy for the war effort 
has brought about a wider use of electric-arc 
furnaces, and with this improvements have 
been made in automatic regulation of elec- 
trode position. The regulator described in 
this paper is of the rotating type which 
controls electrode position as determined by 
response to current in the electrode and 
voltage between the electrode and the fur- 
nace shell. Features and performance of a 
typical installation are illustrated. 


Electronics 


43-90—Theory of Rectifier—D-C Motor 
Drive; FE. H. Vedder (M°35), K. P. 
Puchlowski (4°43). 30 cents. This paper 
is an introduction to the theory involved 
when a d-c shunt-wound motor is being 
operated from a rectifier. The theory 
applying to a system composed of a single- 
phase full-wave rectifier and d-c motor is 
developed mathematically. The equations 
derived are plotted graphically, showing 
current wave shapes, torque, and speed 
characteristics as influenced by motor 
armature resistance and inductance and 
by a-c supply voltage. 


43-113—The Testing of Mercury-Arc 
Rectifiers, H. L. Kellogg (A’471), C. C. 
Herskind (M°’40). 30 cents. This paper 
describes the testing procedure used in the 
development and manufacture of mercury- 
arc rectifiers. The high standard of per- 
formance required of rectifier equipment 
can be attained only by careful and com- 
prehensive testing to assure elimination of 
possible causes of trouble. The arc-back 
phenomena encountered in rectifiers neces- 
sitate special testing methods which are 
discussed at length. Data are also in- 
cluded showing the results of tests. It is 
hoped that the material presented may be 
useful in the development of rectifier 
standards. 


Industrial Power Applications 


43-115—Load Pickup by a Group of 
Ignitron Rectifiers; L. W. Morton (A’38), 
D. I. Bohn (M°47). 15 cents. This paper 
analyzes the problem of energizing a large 
electrochemical-cell-line load from a group 
of d-c conversion equipments such as mer- 
cury-arc rectifiers. A description of widely 
used methods is included. Field tests 
covering a new grid-control scheme for 
starting a group of ignitrons are reported. 
Advantages of the new scheme are set forth. 
Oscillographic illustrations showing the re- 
sults of these tests are particularly interest- 
ing. These field tests were comprehensive 
and of practical value, because they are 
full scale, having been made in a large 
aluminum plant on a cell line in regular 
normal operation. During these tests it 


June 1943 


was possible also to investigate other inter- 
esting phenomena in connection with 
switching large electrochemical loads on 
and off. Oscillographic illustrations of 
transient behavior caused by these switch- 
ing operations are shown and will be of in- 
terest to many engineers who had been 
unable to do more than speculate on the 
problems in the past. 


43-116—Thyratron Motor Control; FE. E. 
Moyer, H. L. Palmer (A’42). 20 cents. One 
of the earliest applications of electronic de- 
vices was to control d-c motors. Recent 
developments greatly expand the number 
of industrial uses. Electronic motor control 
supplies the armature with variable-voltage 
direct current from a grid-controlled thyra- 
tron rectifier and supplies the field from 
Phanotron tubes for constant field excita- 
tion or thyratrons for field weakening con- 
trol. Vacuum tubes actuate the thyratrons’ 
saturable-reactor phase-shift circuits in 
response to signals of compensated arma- 
ture voltage, armature current, and field 
voltage. These signals are compared 
against a glow-tube voltage standard, 
amplified, and applied in correct sequence 
to give desired motor characteristics. 
Switching duty on armature-circuit revers- 
ing contactors is minimized by the current- 
interrupting and -initiating action of the 
thyratron tubes. Similar controls are 
applicable to motor-generator-set drives to 
control the fields of these machines in cor- 
rect sequence to maintain preset speed, 
armature voltage, and loop current con- 
ditions. 


Instruments and Measurements 


43-81—A Capacitance Bridge for Deter- 
mining the Ratio and Phase Angle of 
Potential Transformers; H. W. Bousman 
(19-30), Re ES TenBroeck. (A229), 15 
cents. A capacitance bridge for the cali- 
bration of instrument potential transformers 
up to 300 ky is presented in this paper. 
This bridge provides measurements which 
are correct within 0.1 per cent on ratio and 
three minutes on phase angle. There are 
within the bridge arrangements for testing 
its accuracy as determined by the stability 
of its component arms. It is particularly 
desirable to have this means of self-testing 
if transformers are to be tested in a labora- 
tory which does not have extensive stand- 
ardizing facilities. Further advantages 
beyond accuracy for standardization pur- 
poses are flexibility and ease of operation for 
production testing and low cost and small 
volume as compared to a high-voltage re- 
sistance potentiometer. 


Power Transmission and 
Distribution 


43-77—The Effect of Corona on Coupling 
Factors Between Ground Wires and 
Phase Conductors; G. D. McCann (A ’38). 
20 cents. Measurements of coupling fac- 
tors between ground wires and _ phase 
conductors as a function of ground-wire 
voltage have been made for a sufficient 
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number of cases to determine them for any 
of the standard transmission-line con- 
figurations. It was found that the effect 
of corona causes the coupling factor to in- 
crease appreciably with ground-wire po- 
tential. This effect is greater for positive- 
polarity than for negative-polarity potential 
of the ground wire. A study was made to 
show the visual dimensions of the ground- 
wire corona sheath, as compared to the ef- 
fective increase in the ground-wire radius 
from the standpoint of its effect upon the 
coupling factors. ‘Tests were also made to 
determine the conditions of flashover be- 
tween a ground wire and floating phase 
conductor. Data were obtained showing 


the comparison between the breakdown 


values of standard test gaps and transmis- 
sion-line insulation under these conditions. 


43-80—Application of Carrier to Power 
Lines; Ff. M. Rives (M47). 30 cents. 
This paper deals with the general problem 
of forming carrier circuits on transmission 
lines, describing the characteristics and 
functions of the principal tools used and 
the practices that have been followed in 
applying them. A method of computing 
the principal attenuation components 
and total attenuation of typical carrier 
circuits is presented in sufficient detail to be 
useful to the power utility engineer having 
little or no experience with carrier appa- 
ratus. 


43-85—Safe Ratings for Overhead Line 
Conductors; Leonard M. Olmsted (M’ 39). 
30 cents. Many factors must be considered 
in establishing safe ratings for overhead 
copper line conductors. Most important is 
the low-temperature annealing and loss of 
strength of the hard-drawn copper itself. 
Others are the effect of atmospheric con- 
ditions and line location relative to struc- 
tures and topographical features tending to 
obstruct the wind. The actual construction 
details of the line, such as ground clear- 
ances, conductor splices, and connectors, 
and the policies of the personnel responsible 
for maintaining the line are pertinent. 
This paper attempts to show how these fac- 
tors can be evaluated to establish operating 
ratings, indicates how readily available 
data can be utilized, and points out the 
lack of completely satisfactory data on other 
points. Procedure is stressed rather than 
results, as the influence of local conditions 
upon many of the factors precludes publica- 
tion of ratings which are entirely safe to 
apply without careful investigation of the 
effect upon the copper conductors. 


43-92—Distance Relay Protection for 
Subtransmission Lines Made Economical; 
L. J. Audlin (M35), A. R. van C. Warrington 
(A?37). 75 cents. Less important trans- 
mission lines are usually protected with 
directional overcurrent relays. Much bet- 
ter protection and consequently improved 
service would be provided by modern high- 
speed distance relays but at several times 
the cost. What is required is a distance- 
relay arrangement considerably less ex- 
pensive than the relays now used on high- 
voltage transmission lines but with as 


269 


nearly as possible the same characteristics. 
Such an arrangement is now available. 
The paper describes successful tests in the 
laboratory and on an actual system in this 
country with both natural and staged faults. 
The equipment consists of a single high- 
speed reactance relay which is enabled to 
protect all three phases by being auto- 
matically switched to the correct potential 
and current by a phase-selector relay. 
Compared with directional overcurrent re- 
lays for phase faults, the new scheme is 
easier to apply and gives complete selectiv- 
ity, combined with high-speed tripping, at 
only a moderate increase in cost. Com- 
pared with conventional distance relays, 
the new scheme effects a saving in critical 
materials and labor, since one distance relay 
and an auxiliary relay replace three dis- 
tance relays. This in turn reduces invest- 
ment, panel space, and maintenance. 


43-97—A Study of Voltage Transients in 
Arc-Furnace Circuits; 7. B. Hodtum 
(M26) Wa fener Rice (A238). 2a cents... Thy 
the history of the operation of arc furnaces 
there have been evidences of high-voltage 
surges. These have occasionally resulted 
in failure of associated electrical equipment. 
In the last three years an increasing amount 
of attention has been focused on this prob- 
lem, chiefly because of the increasing num- 
ber of arc-furnace installations and the 
seriousness of interruption to production. 
Following a general discussion of arc- 
furnace operating procedure and possible 
causes of voltage surges in furnace circuits, 
the paper presents the results of voltage 
surge measurements made on two typical 
arc furnace installations. The results of 
magnetic and cathode-ray oscillograms and 
of Klydonograph surge measurements are 
presented. Emphasis in the tests was placed 
on determining the source of voltage surges. 


43-98—Practical Calculation of Electrical 
Transients on Power Systems; R. D. 
Evans (F°40), R. L. Witzke (A°37). 25 
cents. "This paper is devoted to the prac- 
tical calculation of power-system transients 
and presents concepts, methods, and ap- 
proximations selected with that objective in 
view. A method of calculation adapted to 
engineering work, designated as a ‘“‘method 
of zeros and slopes,”’ is described and il- 
lustrated by selected examples. Con- 
sideration is given to the physical interpre- 
tation of transients, particularly with the aid 
of the properties of equivalent circuits. 
The presentation is from the standpoint of 
the electrical engineer, who is accustomed 
to making steady-state calculations, but 
who has not given special study to the 
transient problem required by the mathe- 
matical approach generally used. 


43-104—Guide for Wartime Conductor 
Temperatures for Power Cables in 
Service; Association of Edison Illuminating Com- 
panies subcommittee on wartime temperatures for 
cable circuits. 20 cents. This guide was pre- 
pared to aid in obtaining maximum prac- 
tical utilization of underground power- 
cable circuits during wartime and still have 
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tolerable rates of failure. Tables are given 
for recommended maximum conductor 
temperatures for normal daily operation 
and for occasional emergency operation for 
cables with the following insulations: im- 
pregnated paper of solid and _ oil-filled 
types, varnished cambric, and rubber. 
Factors affecting allowable loading and 
temperatures are discussed to indicate 
variations from the temperatures in the 
tables that should be made for given con- 
ditions and to indicate methods of obtain- 
ing maximum utilization with the tempera- 
tures set. All of the temperatures are sub- 
stantially above previous standard tem- 
peratures and are recommended for use 
only in wartime to save critical materials, 
because their use is otherwise uneconomical 
and somewhat damaging to service re- 
liability. 


Power Transmission 


43-105—Interim Report on Emergency 
Overloads on Overhead Conductors; 
working .group on towers, poles, and conductors 
of AIEE transmission subcommittee. 15 cents. 
Present conditions in many cases make it 
necessary to establish new load limits for 
overhead conductors. This paper calls 
attention to the principal factors involved 
and the wide variation in available infor- 
mation on this subject, particularly in re- 
spect to annealing characteristics of con- 
ductors materials. Some factors affecting 
annealing are unknown and need to be 
investigated. Weather records should be 
used with caution and applied with full 
knowledge of conditions along the entire 
line. The effect on joints and possible 
heating of clamps or other magnetic fittings 
encircling the conductor are touched on. 
The report cautions against the use of 
overoptimistic values, resulting in serious 
damage to the conductors. 


43-112—Frequency Modulation for 
Power-Line Carrier Current; FE. VW. 
Kenefake. 15 cents. The developments of 
frequency modulation in the low-frequency 
range below 200 kilocycles have indicated 
certain advantages for its use in power-line 
carrier. ‘This paper discusses developments 
in the use of frequency modulation with a 
one-to-one deviation ratio for carrier- 
current applications. The basic charac- 
teristics of noise reduction by means of 
frequency modulation are discussed, and 
the results of various measurements with 
different types of interference are pre- 
sented. ‘These results point out that any 
interference arising from undesired ampli- 
tude modulation of the carrier is greatly 
reduced when frequency modulation is 
used. Since that type of interference is 
sometimes encountered on power lines, 
frequency modulation can be used to ad- 
vantage in those cases. By the use of a 
one-to-one deviation ratio it is shown that 
the band width of a frequency-modulated 
channel can be made the same as in an 


audio-frequency modulated channel. This 
overcomes many difficult application 
problems. 
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Protective Devices 


43-79—Pilot-Wire Relaying on a Metro-- 
politan System; 7. G. LeClair (F 40), - 
E. L. Michelson (A’37). 20 cents. The in- 
herent selectivity of pilot-wire relaying 
makes it an ideal method for protecting 
transmission lines. This paper describes 
the pilot-wire systems employed on a large 
metropolitan power system where this type 
of relaying is used extensively. Three differ- 
ent arrangements are used, all of which are 
described in the paper. All schemes are 
similar in principle and use circulating a-c 
currents to make a direct comparison be- 
tween the currents at the two ends of the 
main transmission line. This paper shows 
the net effect of pilot-wire troubles on relay 
operation. It points out that induced 
voltages on pilot wires are not a serious 
problem on an underground system. It 
also gives an analysis of relay operations 
for a ten-year period which indicates a 
relatively good record for pilot-wire re- 
laying. It shows that pilot-wire relaying is 
more reliable than other types of high- 
speed relays. The paper discusses the 
relative merits of owned pilot wires versus 
leased telephone wires. Owned wires 
have a higher cost but offer several operat- 
ing advantages. It compares pilot-wire 
relaying with carrier-current relaying. 
Pilot-wire relaying can be applied eco- 
nomically only on relatively short trans- 
mission lines, but, where applicable, it 
provides a more reliable form of protection 
than carrier-current relaying. 


43-91—Carrier-Current Differential Pro- 
tection for Transformer Banks; TJ. A. 
Cramer (A’47). 15 cents. Under present 
conditions where new manufacturing plants 
must be served with as little additional 
equipment as possible, the power-system 
designing engineer frequently finds it ex- 
pedient to install a transformer with only 
a low-voltage circuit-breaker. This ar- 
rangement presents a problem for the pro- 
tection engineer since the reactance of the 
transformer bank makes it difficult for the 
remote relays to recognize faults in the 
low-tension winding. This paper describes 
a method of completing the protection of 
the transformer bank by adding an audio- 
frequency modulating signal to the stand- 
ard carrier-current pilot-relaying channel 
to trip the remote circuit breaker when the 
transformer differential relay operates. 


43-102—The Cause and Control of Some 
Types of Switching Surges; 7. W. 
Schroeder (A°37). 15 cents. Switching- 
surge overvoltages, particularly those re- 
sulting from interrupter restriking when 
opening the normal balanced charging 
currents of cable circuits, long high-voltage 
lines, or large capacitor banks, recently 
have received attention in the technical 
literature. This paper presents the results 
of analyses of other methods of reducing 
the possibility and magnitude of these over- 
voltages, namely, the dependence on satu- 
rable transformer windings in parallel with 
the capacitance to discharge it following 
the first interruption. The effect of trans- 
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former size relative to the capacitance and 
the method of transformer connection are 
discussed. ‘‘Low-side” switching of lines 
and cables is indicated to be very effective. 
7 Asummary of the capacitive-circuit switch- 

ing problem and its solution by the use of 
__ resistor-shunted interrupters is given. In 
addition, an analysis is made of the problem 
of off-current-zero interruption of trans- 
former magnetizing current. This analysis 
indicates the amount of capacitance re- 
quired in shunt with the transformer (and 
switched with it) to hold the voltage re- 
sulting from an interruption at the crest 
of the current wave to any allowable value. 


_ 43-103—A New  High- Interrupting- 
Capacity Fuse for Voltages Through 
138 Kv; H. H. Fahnoe (A’35). 15 cents. 
The reliable performance of high-inter- 
rupting-capacity fuses in the intermediate- 
voltage field has increased interest in the 

, application of such fuses for higher voltages. 
A new fuse has been developed to meet the 
requirements for service on important 
transmission circuits operating at 44 to 
138 kv. The requirements for this service 
are discussed along with other factors that 
prevent such a fuse from being a mere 
enlargement of lower-voltage fuses. A de- 
scription is given of the new boric-acid fuse 
which, for its interrupting capacity, is light 
in weight, permitting the dropout design 
necessary at these higher voltages. The 
data and oscillograms presented cover high- 
power laboratory tests under all possible 
fault conditions and assure reliable short- 
circuit protection on systems capable of 
delivering three-phase symmetrical short 
circuits of 1,000,000 kva. 


43-110—A Simple Method for the Deter- 
mination of Bushing-Current-Trans- 
former Characteristics; Stuart D. Moreton 
(A°47). 20 cents. In line with the present 
trend toward the calculation of bushing- 
current-transformer characteristics from 
typical excitation curve data, this paper 
presents an analysis of the errors intro- 
duced by the simple method of “‘inphase” 
addition of exciting current and secondary 
current. These errors are compared with 
the expected variation in ratio correction 
factor due to variation of the parameters, 
especially the iron core. The conclusion 
is reached that this simple method gives 
results that are not only well within this 
expected variation but also well within 
engineering accuracy. An extension of 
this method is presented for the determina- 
tion of phase-angle errors with a little extra 
effort. Inphase addition is expanded by a 
graphical process, so that only one point 
need be calculated to draw a complete 
characteristic curve. This is performed by 
means of one template that is good for all 
burdens, ratios, and voltage ratings. A 
special co-ordinate paper is presented that 
gives the ratio correction factor in terms of 
either the per cent rated primary current 
or the per cent rated secondary current. 
It has the advantage of giving the secondary 
current directly in terms of the primary 
current. 
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43-111—Report on Application of Light- 
ning Protective Devices in Wartime; 
AIEE lightning arrester subcommittee. 15 cents. 
This report by the lightning arrester sub- 
committee has been prepared to suggest 
ways and means of applying protective de- 
vices such as lightning arresters in such a 
manner as to save critical materials either 
directly or indirectly. Eight suggestions 
for accomplishing this are presented and 
discussed. These are: 


1, Applying arresters on basis of voltage rating. 
2. Rebuilding and revamping old arresters. 


3. Short connections between arresters and equip- 
ment. 


4. Line-type arresters in place of station-type 


Protection of equipment not already protected, 


5 
6. Protective devices other than arresters. 
7. Shielding of stations 

8 


Tests and maintenance of arresters. 


A careful study of the problem of supplying 
overvoltage protection, particularly by the 
use of lightning arresters, should yield con- 
siderable over-all benefits, not only in 
saving of critical materials at the present 
time, but also in reducing damage to ex- 
pensive and hard-to-replace equipment, as 
well as improving continuity of service to 
power systems. 


43-117—A New High-Speed Balanced- 
Current Relay; V. WN. Stewart (A’38). 
75 cents. A high-speed induction-cylinder- 
type relay has been developed in which the 
operating-coil circuit has an inherent delay 
of about a cycle, because of the time re- 
quired to build up current in a resonant 
circuit. The restraining coils of the relays 
are lagged with copper rings and produce 
restraint in a small fraction of a cycle. 
Complete description of operating prin- 
ciples and tests are covered by this paper. 


43-118—Relay Protection for Three 
Terminal Lines; M. A. Bostwick (A’42), 
E. L. Harder (M41). 15 cents. The war, 
with its attendant shortage of critical 
materials, has led to a considerable in- 
crease in the number of tapped lines. This 
paper deals with the method of protecting 
circuits of this kind under three headings: 


1. Pilot-wire protection, a-c and d-c schemes. 
2. Carrier-current protection. 


3. Other protective schemes. 
Directional overcurrent or network. 


Distance type. 


Three terminal lines are classified into 
three types with regard to other system 
connections between the terminals con- 
nected by the line in question. These are 
classified further as to power sources to aid 
in analyzing limiting conditions for relay 
applications. Typical operating charac- 
teristics of a-c pilot-wire equipment for 
three terminal lines are shown. In general, 
in dealing with pilot-wire carrier, and 
other types of protection, those problems 
peculiar to application on three terminal 
lines are analyzed, and methods are given 
for solying some of the more troublesome 
problems. 
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43-119—Interim Report on Application 
and Operation of Out-of-Step Protection; 
AIEE working group of relay subcommittee. 
20 cents. Out-of-step protection of syn- 
chronous machines and system intercon- 
nections is now demanding serious con- 
sideration because 


1. The heavy loading of machines and transmission 
lines have introduced many stability problems, 


2, Outages due to out-of-step conditions may inter- 
fere seriously with the war effort. 


The relay subcommittee has, therefore, 


“considered it timely to prepare a report on 


the subject and has appointed a working 
group for that purpose. ‘The report de- 
scribes briefly the phenomena of out of 
step, the methods of protection available, 
and a cross section of the practices and 
requirements of representative utility sys- 
tems. 


Safety 


43-94 ACO—Practical Accident Preven- 
tion in Small Groups; O. S. Hockaday 
(M28). 15 cents. The stress of war pro- 
duction places on industrial management a 
keener responsibility for preventing acci- 
dents. Large corporations usually have 
safety departments to direct this effort, but 
scattered over the country are thousands 
of industrial concerns of modest proportions 
which are not in position to set up formal 
safety organizations. Suggestions are of- 
fered in this paper as to how the superin- 
tendent of a small group may develop 
within his existing personnel an effective 
safety program. 


Transportation 


43-7 8—Adequate Electrical Maintenance 
Essential to Transportation; W. 7. 
Clardy (M39). 15 cents. The demand for 
public transportation is increasing rapidly 
under present conditions of accelerated 
industrial activity. Adequate maintenance 
of electrical apparatus on rolling stock is 
essential to avoid impairment to the war 
effort. Measures which will help to retain 
generators, motors, and control in service 
practically 100 per cent of the time are 
proper operation, effective inspection, pre- 
ventive maintenance, keeping apparatus 
clean, accurate adjustments, prompt worn 
part replacements, undelayed commutator 
conditioning, use of improved insulation, 
and correct lubrication. More careful 
attention to all of these factors during the 
present emergency will assure maximum 
rolling-stock availability. 


PERSONAL e 


C. H. Sanderson (A’07, F718) system 
planning engineer, Consolidated Edison 
Company of New York (N. Y.), Inc., has 
retired. Mr. Sanderson who was born in 
1880 commenced his engineering career in 
1901 with a year of shopwork at the West- 
inghouse Electric and Manufacturing Com- 


Pah 


pany, East Pittsburgh, Pa., after which he 
was transferred to the drafting department. 
In 1906 he did switchboard and power- 
_ station design and in 1919 was given super- 
vision of this work for the eastern United 
States and all foreign trade. As general 
engineer from 1911 to 1913 he assumed the 
duties of commercial engineer salesman. 
He worked as electrical engineer for the 
Havana (Cuba) Electric Railway, Light, 
and Power Company from 1913 to 1917. 
From 1918 to 1920 he was connected with 
Frank G. Robbins Company, Havana. 
His association with the New York Edison 
Company dates from 1921 when he took 
the position of assistant electrical engineer 
and assistant system engineer. In 1937 he 
was made system planning engineer. He 
has written and edited books and is editor 
in chief of ‘American Standard Definitions 
of Electrical Terms.” He is also a member 
of the Edison Electric Institute, the Pro- 
fessional Electrical Engineers, the American 
Standards Association, and the United 
States Chamber of Commerce. 


J. H. Gardner (A’25, M°’34) formerly 
lieutenant colonel, Signal Corps, United 
States Army, and director of the Aircraft 
Laboratory, Wright Field, Dayton, Ohio, 
was among the 52 temporary brigadier 
generals recently appointed by President 
Roosevelt. He holds the degrees of bache- 
lor of science (1913) and master of science 
(1915) from Union College and the degree 
of master of science in electrical engineer- 
ing (1924) from Yale University. Before 
joining the army he was employed by the 
General Electric Company, Schenectady, 
N. Y., and Chicago, Ill., from 1913 to 1917. 
He served as radio and telephone officer in 
the Field Artillery from 1917 to 1919. 
From 1919 to 1921 he was with the Intelli- 
gence Section of the army of occupation in 
Germany. In 1921 he was transferred to 
the Signal Corps and in succession became 
assistant to the signal officer, Fifth Corps 
Area, Columbus, Ohio, in 1925, executive 
officer for research and engineering in the 
office of the chief signal officer, Washing- 
ton, D. C., in 1926, executive officer of the 
Signal Corps Laboratories, Fort Mon- 
mouth, N. J., in 1931, and executive officer 
of the Aircraft Laboratory, Dayton in 1939, 
He was made director of the laboratory in 
1940. In 1935 he was promoted from the 
rank of captain to major and in 1941 to 
lieutenant colonel. 


H. Y. Hall (A ’03, F ’27) production super- 
intendent, Consolidated Edison Company 
of New York (N. Y.), Inc., recently retired. 
Mr. Hall received the degree of bachelor of 
science in electrical and mechanical engi- 
neering from the Alabama Polytechnic 
Institute in 1900. He immediately entered 
the testing department of the General 
Electric Company, Schenectady, N. Y. 
In 1905 he received the degree of electrical 
engineer. He was employed in the opera- 
tion and testing department of the Man- 
hattan Railway Company, New York, 
N. Y., from 1902 to 1906. After a year as 
construction foreman for J. G. White 
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Company, New York, N. Y., he joined the 
Southern Pacific Railroad Company, San 
Francisco, Calif., in 1907 and remained 
with that company until he established his 
own consulting engineering practice in San 
Francisco in 1914. From 1917 to 1919 he 
worked as design engineer for the Neuelec- 
tric Transmission Company, Cleveland, 
Ohio, and for J. Livingston Company, 
Cleveland, from 1919 to 1921. He entered 
the employ of the United Electric Light 
and Power Company in 1921 as superin- 
tendent of their Hell Gate Station. In 
1937 he became superintendent of their 
Waterside Station and in 1942 production 
superintendent. 


. 


W. H. Matthies (M’26, F’29) switching 
development director, Bell Telephone 
Laboratories, New York, N. Y., has retired. 
Born in Hamburg, Germany, in 1879, he 
graduated from the Massachusetts In- 
stitute of Technology in 1902. In the latter 
year he joined the Western Electric Com- 
pany, New York, N. Y., as student engi- 
neer and for two years following held the 
position of equipment engineer. He was 
made chief engineer of the company’s 
Berlin, Germany, branch in 1905. In 1911 
he was transferred to Antwerp, Belgium, 
to the staff of the European chief engineer. 
There he supervised the work of the Lon- 
don, Antwerp, Paris, and Berlin branches. 
From 1912 to 1916 he specialized in ma- 
chine switching development and in 1916 
took charge of the machine switching labo- 
ratory in New York. In 1935 he was named 


switching development director of Bell ° 


Laboratories. He holds numerous patents 
and has been active in the development of 
the panel and crossbar systems and dial 
operation. 


H. B. Leach (A °18) assistant superintend- 
ent, Consolidated Edison Company of 
New York (N. Y.) Inc., has retired. Mr. 
Leach, who was born at Wilmington, Del., 
August 12, 1886, had completed 31 years 
with the Edison company and its predeces- 
sors. He entered the employ of the New 
York Edison Company in 1913 after five 
years (1905-10) with the Wilmington 
(Del.) City Electric Company and three 
years (1910-13) with the Westchester 
Lighting Company, Mount Vernon, N. Y. 
Until 1918 when he was transferred to the 
test department he worked in the meter 
department of the Edison company. In 
1920 he was made chief tester and in 1923 
became foreman of the test division of the 
United Electric Light and Power Company. 
He was named general foreman of the 
meter and test department in 1930. Ap- 
pointed assistant superintendent of the 
New York Edison Company in 1935 he 
continued in that position with the Con- 
solidated Edison Company after the 1936 
merger of the New York companies. 


R. S. Elberty (A’25, M35) formerly 
electrical engineer with the Landis Tool 
Company, Waynesboro, Pa., has opened 
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his own consulting engineering office at 
Fort Lauderdale, Fla. Mr. Elberty re- 
ceived the degree of electrical engineer in 
1925, and the degree of bachelor of science 
in commerce in 1929 from the University 
of Cincinnati. From 1925 to 1929 he 
worked as electrical engineer for the 
American Laundry Company, Cincinnati, 
Ohio. After a year as chief engineer with 
B. A. Wesche Electric Company, Cin- 
cinnati, he became associated as general 
engineer with the Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa., from 1929 to 1937. In the 
latter year he joined the Landis company. 


J. E. Hayes (A’03) formerly president of 
the New Jersey Zinc Company, New York, 
N. Y., has been elected chairman of the 
board of that company. He has been presi- 
dent of the company since 1927. In addi- 
tion he holds the position of president of 
the New Jersey Zinc Sales Company, the 
Empire Zinc Company, the New Jersey 
Zinc Company of Pennsylvania, Palmerton, 
the Palmerton (Pa.) Lighting Company, 
Palmerton Water Company, the Palmer- 
ton Telephone Company, the Chestnut 
Ridge Railroad Company, and the Saucon 
Valley Iron and Railroad Company. He 
received the degree of civil engineer in 
1895 and the degree of electrical engineer 
in 1897 from Princeton University. 


G. W. Pierce (A’11) professor of physics 
and communication engineering, Harvard 
University, Cambridge, Mass., recently 
was awarded a Franklin Medal and a 
certificate of honorary membership to the 
Franklin Institute. Doctor Pierce was 
honored for his development of ‘electrically 
squeezed” quartz crystals used to narrow 
the range of radio frequencies. He has 
been teaching at Harvard University since 
1907 when he joined the faculty as assistant 
professor of physics. In 1920 he was the 
recipient of the medal of the Institute of 
Radio Engineers for distinguished service, 
to radio engineering. 


G. B. Kersey (A’14, M’26) supervising 
field engineer, Commonwealth Edison 
Company, Chicago, Ill., has retired. Born 
May 24, 1883, in Lebanon, Ind., he was 
graduated from Purdue University with 
the degree of bachelor of science in elec- 
trical engineering in 1905. In the latter 
year, as a substation operator, he com- 
menced a 38-year association with the 
Edison company. He was transferred to 
the engineering department as draftsman 
in 1907. Subsequently he became head 
draftsman and designing engineer. In 1922 
he was made field engineer and in 1932 
supervising field engineer. 


W.E. Poor (A 15) executive vice-president 
Hygrade Sylvania Corporation has been 
elected president of Sylvania Products, 
Inc. Mr. Poor was assistant manager of 
the Hygrade Lamp Company, Salem, 
Mass., from 1909 to 1922, when he became 
chief engineer. In 1930 when his company 
combined with Sylvania Products Com- 
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_ pany he was appointed vice-president in 
charge of manufacturing. He was made 
executive vice-president of Hygrade Syl- 


3 _ vania Corporation in 1940. 
e 


C. A. Butcher (M’22) formerly assistant 
manager of the district manufacture and re- 

_ pair department, Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa., has been made manager of 
that department for the Pacific Coast dis- 
trict of the Westinghouse company, Emery- 
ville, Calif. Mr. Butcher has been assistant 
to the national manager since 1941. From 
1929 to 1936 he was eastern engineering 
manager and eastern service manager from 
1936 to 1941. 


J. E. O’Brien (A’29 M_°39) has been ap- 
pointed a major, United States Marine 
Corps. Major O’Brien was formerly head 
of the Special Problems Section, Technical 
Standards Division, Rural Electrification 
Administration. Prior to his connection 
with the Rural Electrification Administra- 
tion, he was a member of the electrical 
engineering staff of the Catholic Univer- 
sity, Washington, D. C. 


D. C. Jackson, Jr. (A ’23, F °30) on leave 
of absence from his position as dean of the 
school of engineering, University of Notre 
Dame (Ind.) has been promoted from the 
rank of major in the United States Army 
to that of lieutenant colonel, Frankford 
Arsenal, Philadelphia, Pa. Lieutenant 
Colonel Jackson served as an officer in the 
Coast Artillery from 1917 to 1919. 


E. J. Van Deusen (A ’35,) M ’43 assistant 
electrical engineer for the Mason and 
Hanger Company in charge of outside elec- 
trica] distribution construction, Badger Ord- 
nance Works, Baraboo, Wis., has been com- 
missioned as lieutenant in the United States 
Naval Reserve. He has been on leave of 
absence from the Wisconsin Power and 
Light Company, Madison, forthe past year. 


H. S. Osborne (A710, F’21) formerly 
assistant chief engineer, operations and 
engineering department, American Tele- 
phone and Telegraph Company, New York, 
N. Y., has been appointed chief engineer 
of that department. Mr. Osborne is 
currently serving as AIEE president. Fora 
fuller biography see Electrical Engineering, 
January 1943, page 35. 


G. W. Bower (A’18, M40) formerly as- 
sistant to the Camden district superinten- 
dent has been appointed engineer in the 
general office, Public Service Electric and 
Gas Company, Newark, N. J. Mr. Bower 
has been with the Public Service company 
since he graduated from Drexel Institute 
of Technology in 1914. 


J. K. Johnson (A ’28) formerly engineer in 
charge of Chicago (IIl.) laboratory, Hazel- 
tine Electronics Corporation, has become a 
special representative in the Office of Pro- 
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curement and Material of the Office of the 
Under Secretary of the Navy, Washington, 
D. C. He had been with the Hazeltine 
corporation since 1934, 


J. M. Standring (A’40) formerly senior 
staff engineer with the Bell Telephone 
Company of Pennsylvania, Philadelphia, 
has been transferred to the transmission 
group in the operations and engineering 
department of the American Telephone 
=e Telegraph Company, New York, 


K. A. Ganssle (A’40) formerly engineer, 
general engineering department, Southern 
California Telephone Company, Los An- 
geles, has been transferred to the equipment 
and building section of the plant engineer- 
ing division, American Telephone and 
Telegraph Company, New York, N. Y. 


W. G., Steinbright (A ’40) formerly assist- 
ant to the general superintendent of the 
suburban transmission and _ distribution 
division of the Philadelphia (Pa.) Electric 
Company has been appointed superintend- 
ent of the Schuylkill division of that com- 
pany. 


J. F. Atkinson (A °41) is now a lieutenant 
in the Signal Corps, United States Army, 
Galveston, Tex. Mr. Atkinson is on leave 
from the Technical Standards Division, 
Rural Electrification Administration, where 
he is an associate engineer. 


C. H. Weaver (A ’37) formerly commercial 
engineer in the marine sales department, 
Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa., has been 
appointed manager of the marine section. 
He has been with the Westinghouse com- 
pany since 1936. 


J. E. H. Stevenot (A’13, M’17) formerly 
vice-president and general manager of the 
Philippine Long Distance Telephone Com- 
pany, Manila, is now a colonel in the 
United States Signal Corps and deputy 
chief of staff of General Douglas 
MacArthur. 


J. B. Rees (M731, F°32) equipment and 
building engineer, operations and engineer- 
ing department, American Telephone and 
Telegraph Company, New York, N. Y., has 
been appointed to the Telegraph Opera- 
tions Industry Advisory Committee of the 
War Production Board. 


C. R. Camp (A’20, M’25) formerly field 
engineer, Commonwealth Edison Company 
Chicago, IIl., has been appointed super- 
vising field engineer. He has been with 
the Edison company since 1915 as gen- 
erating station operator, head draftsman, 
and, since 1927, as field engineer. 


D. E. Basler (A ’39) has been promoted to 
Captain, Signal Corps, United States 
Army, Washington, D. C. Captain Basler 
is on leave from his position as associate 
engineer, Technical Standards Division, 
Rural Electrification Administration. 
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J. W. Carpenter (A ’40) formerly associate 
engineer, Technical Standards Division, 
Rural Electrification Administration, has 
been called to active duty. He holds a 
commission as a lieutenant, junior grade, 
in the United States Naval Reserve, 


D. G. Housley (A ’41) is now serving as a 
lieutenant, Army Air Forces Boca Raton 
Field, Fla. He is on leave from the 'Tech- 
nical Standards Division, Rural Electri- 
fication Administration, where he is an 
assistant engineer. 


W. A. Lewis (A’42) an ensign in the 
United States Naval Reserve, has been 
called to active duty. He is an assistant 
engineer on leave from the Technical 
Standards Division, Rural Electrification 
Administration, 


N. W. Matthews (A ’39) is now a second 
lieutenant, United States Marine Corps, 
Camp Murphy, Fla. Formerly, he was an 
associate engineer, Technical Standards 
Division, Rural Electrification Adminis- 
tration. 


B. O. Watkins (A’43) has been commis- 
sioned a lieutenant, junior grade, in the 
United States Naval Reserve. Lieutenant 
Watkins was head of the Operating Prob- 
lems Unit, Technical Standards Division, 
Rural Electrification Administration. 


W. L. Cisler (M35) assistant chief engi- 
neer, electrical engineering department, 
Public Service Electric and Gas Company, 
Newark, N. J., is chief of equipment pro- 
duction in the power section of the Office 
of War Utilities. 


Howard Dingle (A’07, M’41) president 
of the Cleveland Worm and Gear Com- 
pany, has been named to newly formed 
Gear and Speed Reducer Industry Ad- 
visory Committee of the War Production 
Board. 


N. B. Hinson (A ’19, F ’35) chief engineer, 
Southern California Edison Company, 
Ltd., has been elected chairman of the 
Electric Power Interchange Committee 
which was formed to meet California’s 
demands for power in war production. 


A. W. Robertson (A’27) chairman of the 
board, Westinghouse Electric and Manu- 
facturing Company, Pittsburgh, Pa., has 
been awarded the honorary degree of doc- 
tor of engineering by Stevens Institute of 
Technology. 


F. W. Petit (A’23, M ’37) formerly assist- 
ant engineer, Consolidated Edison Com- 
pany of New York (N. Y.), Inc., is now em- 
ployed by the Columbia University Na- 
tional Defense Laboratories, New York, 
ING Ye 


J. T. Barron (A’07, F’27) vice-president 
in charge of electric operation, Public 
Service Electric and Gas Company, New- 
ark, N. J., has been elected to a three-year 
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term on the board of directors of the Ameri- 
can Standards Association. 


L. C. Larson (A’23, M’29) professor of 
electrical engineering, University of Wis- 
consin, Madison, has been appointed chair- 
man of the Madison Section of the AIEE to 
fill the unexpired term of E. J. Van 
Deusen (A ’35). 


J. R. Oberholtzer (A ’39) Associate Engi- 
neer, Technical Standards Division, Rural 
Electrification Administration, has been 
commissioned a second lieutenant in the 
Signal Corps, United States Army. 


K. J. Plucknett (A ’39) associate engineer, 
Technical Standards Division, Rural Elec- 
trification Administration, has been com- 
missioned an Ensign in the United States 
Naval Reserve, Brighton, Mass. 


W. T. Smith (A’40) associate engineer, 
Technical Standards Division, Rural Elec- 
trification Administration, has been com- 
missioned a lieutenant in the United States 
Marine Corps. 


J. L. Thurston (A ’41), associate engineer, 
Technical Standards Division, Rural Elec- 
trification Administration, is now a Lieuten- 
ant in the Signal Corps, United States 
Army, Camp Maxey, Tex. 


J. E. Dingman (M’37) division plant 
superintendent, American Telephone and 
Telegraph Company, New York, N. Y., 
has been appointed employees’ relation 
manager in the long lines department. 


P. V. Plummer (A ’33) engineer with the 
United Illuminating Company, New 
Haven, Conn., has been made _ super- 
intendent of electrical construction and 
maintenance in the production department. 


O. E. Anderson (A’29) formerly staff 
assistant to the superintendent of con- 
struction, Commonwealth Edison Com- 
pany, Chicago, Ill., has been made assistant 
superintendent of construction. 


N. K. Davis (A’40) chief engineer of 
the Georgia Public Service Commission, 
Atlanta, is chief of the allocations section 
of the power division of the Office of War 
Utilities. 


J. E. Moore (A’12) consulting engineer, 
Ebasco Services, Inc., New York, N. Y., 
is chief of the power supply section of the 
power division of the Office of War 
Utilities. 


Norman Knight (M ’37) chief engineer of 
the western area of the Bell Telephone 
Company of Canada, Toronto, Ont., 
has been elected president of the Electric 
Club of Toronto. 


W. E. Melarkey (A’27) formerly execu- 
tive engineer of The Hilo (Hawaii) Electric 
Light Company, is now lieutenant com- 
mander in the 14th Naval District at 
Pearl Harbor, Hawaii. 


Edward Falck (A’40) special assistant to 
the vice-president, Consolidated Edison 
Company of New York (N. Y.), Inc., is 
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deputy director of the Office of War 
Utilities. 


H. J. Billica (A’36, M ’36) formerly with 
the Office of War Utilities, War Production 
Board, Washington, D. C., is now employed 
in the Washington office of the Copper- 
weld Steel Corporation. 


J. G. Harden (A’34) toll plant chief, 
Indiana Bell Telephone Company, Indi- 
anapolis, has been transferred to Bell 
Laboratories, Inc., New York, N. Y., for the 
duration of the war. 


Wilfred Sykes (A’09, F 14) president of 
the Inland Steel Company, Chicago, IIL, 
has been awarded the honorary degree of 
doctor of engineering by the Illinois Insti- 
tute of Technology. 


C. C. Johnson (M’20) president of the 
American District Telegraph Company, 
New York, N. Y., has been nominated a 
vice-president of the National Fire Protec- 
tion Association for 1943. 


A. R. Small (M ’37) president of the Under- 
writers’ Laboratories, Inc., Chicago, IIl., 
has been elected to a three-year term on the 
board of directors of the American Stand- 
ards Association. 


W. L. Crosby (A’41) formerly foreman in 
the test bureau of the Consolidated Edison 
Company, New York, N. Y., has joined the 
Submarine Signal Company, New York, 
IN; SM 


W. C. White (A ’23, M ’30) director of the 
electronics laboratory, General Electric 
Company, Schenectady, N. Y., has been 
named to the board of directors of the 
Institute of Radio Engineers. 


J. J. Ryan (M ’23) general superintendent, 
meter bureau, Consolidated Edison Com- 
pany, New York, N. Y., has been elected 
president of the Edison Savings and Loan 
Association. 


Vannevar Bush (A’15, F’24) president 
of the Carnegie Institution of Washington 
(D. CG.), has been awarded the honorary 
degree of doctor of science by Stevens 
Institute of Technology. 


E, O. Shreve (A ’06) vice-president, Gen- 
eral Electric Company, Schenectady, N. Y., 
was recently elected a member of the board 
of directors of the United States Chamber 
of Commerce. 


D. J. O’?Conor, Jr. (A’38) has been ap- 
pointed assistant chief engineer of the 
Formica Insulation Company, Cincinnati, 
Ohio. He has been employed by the 
Formica company since 1940. 


R. L. Morris (M31) assistant engineer, 
Consolidated Edison Company of New 
York (N. Y.), Inc., has received a wartime 
leave of absence to join the Tel Autograph 
Corporation, New York, N. Y. 


L. A. Nettleton (A’21, M’26) formerly 
assistant engineer, Consolidated Edison 
Company of New York (N. Y.), Inc., has 
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joined the Massachusetts Institute of Tech- 
nology, Cambridge, Mass. 


H. S. Orcutt (A’26) formerly assistant 
engineer, Consolidated Edison Company 
of New York (N. Y.), Inc., is now with the 
Federal Radio and Telephone Company, 
East Newark, N. J. 


Norman Franks (A’41) manager of the 
Toronto district, Canadian General Elec- 
tric Company, Ltd., Toronto, has been 
elected president of the Electric Service 
League of Toronto. 


H. W. King (A’37) formerly assistant 
engineer, Consolidated Edison Company 
of New York, Inc., is now with the Ana- 
conda Wire and Cable Company, Hastings, 
INSYe 


C. E. Dean (A’23, M ’37) radio engineer, 
Hazeltine Service Corporation, New York, 
N. Y., has been elected vice-president o, 
the Radio Club of America. 


L. E. Packard (A’40, M’41) engineer, 
General Radio Company, New York, N. Y., 
has been elected recording secretary of the 
Radio Club of America. 


OBITUARY 


Philip Herd (M’21) partner in Wilson 
and Herd, Ltd., Johannesburg, Union of 
South Africa, died on August 19, 1942. 
Born November 12, 1870, at Birkenhead, 
Cheshire, England, he received his early 
electrical training as apprentice electrical 
engineer for the Telegraph Manufacturing 
Company, Ltd. (now British Insulated 
Cables, Ltd.), Helsby, Cheshire, England, 
from 1886 to 1889. From 1890 to 1896 he 
was employed successively by the White 
Star and the Dominion Steamship Lines, 
and the Liverpool (England) Electric 
Overhead Railway. In 1897 and 1898 he 
engaged in insulating and operating gold 
mine electrical plants in South Africa and 
at electrical construction in Beird, Portu- 
guese East Africa. Joining the staff of the 
South African General Electric Company, 
Ltd., Johannesburg, in 1899, he entered the 
test course in the foreign engineering de- 
partment of the General Electric Company, 
Schenectady, N. Y. In 1900 he returned to 
South Africa and remained in the service of 
the General Electric Company as engineer 
and manager for Cape Colony, Union of 
South Africa, until 1916. In the latter 
year he became a member of the engineer- 
ing firm of F. Peabody Rice and Wilson. 
He had been managing director of this 
firm since 1916. 


Robert Anderson Carter, Jr. (A’09) 
manager of gas production, Consolidated 
Edison Company of New York (N. Y.) 
Inc., died April 2, 1943. Born August 9, 
1884, in Brooklyn, N. Y., he entered the 
employ of the Consolidated Gas Company, 
New York, N. Y., in 1902. After a year 
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_ and a half in various training positions, he 
was made assistant engineer in 1903, and a 
cadet engineer in 1904. He became assist- 
_ ant engineer with the Central Union Gas 
_ Company, New York, N. Y., in 1905. 
_ In 1908 he joined the Westchester Lighting 
Company, New Rochelle, N. Y., as cadet 
engineer. From 1922 to 1928 he was engi- 
neer of manufacture for the Consolidated 
Gas Company and the Astoria (N. Y.) 
Light, Heat and Power Company. He was 
_ named vice-president of the Astoria com- 
pany in 1928. When that company merged 
_ into the Consolidated Edison company in 
) 1936 he was appointed engineer and later 
manager of gas production for the Con- 
solidated Edison company. He was the 
| author of several technical papers and a 
member of the American Gas Association, 
the American Society of Mechanical Engi- 
neers, the Illuminating Engineering Society 
the Society of Gas Engineering, and the 
Society of Gas Lighting. 


Francis Ogden Blackwell (A’00, M’03) 
president of Viele, Blackwell and Buck, 
New York, N. Y., died on April 11, 1943. 
Mr. Blackwell was born June 23, 1868, in 
New York and received the degree of civil 
engineer from Princeton University in 
1887. During 1887 and 1890 he worked 
for the Bentley-Knight Electric Railway 
Company, New York, N. Y. In 1890 he 
joined the Thomson Houston Electric 
Company, Lynn, Mass., as _ assistant 
engineer of the railway division. When 
that company became part of the General 
Electric Company, Schenectady, N. Y., 
in 1892 he was made chief engineer in the 
power and mining department. As such 
he was responsible for that company’s 
development of long-distance power trans- 
mission. In addition he built mining 
plants in California, Oregon, Utah, 
Minnesota, Louisiana, and Mexico. He 
resigned in 1906 to form his own consulting 
engineering firm in New York, N. Y. 
During World War I he served as con- 
sulting engineer to the United States Navy 
and War Departments. More recently he 
was engaged as consultant on the Muscle 
Shoals project and on the design of the St. 
Lawrence Waterway. 


John Henry Schroder (M 42) Lieutenant 
commander, United States Navy, San 
Diego, Calif., died May 3, 1943. Born 
December 1, 1899, in Walhalla, S. C., he 
received the bachelor of science degree in 
mechanical engineering from Clemson 
College in 1921. From 1918 to 1920 he 
served in the United States Army. He 
commenced his engineering career in the 
construction division of the electrical engi- 
neering department of the Public Service 
Production Company, Newark, N. J., 
from 1921 to 1923 when he became an 
engineering assistant. From 1925 to 1927 
he worked on design and purchase of mate- 
rials for the Public Service Gas and Elec- 
tric Company. In 1928 he joined the 
United Engineers and Constructors, New- 
ark, N. J., where he designed switching 
tations until 1936. Returning to the 
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Public Service Gas and Electric Company 
in 1936 he was assigned as sponsor engineer 
doing rebuilding and installation for 
switching and generating stations. In 1942 
he received a leave of absence for the dura- 
tion of the war to serve in the Navy. 


Henry Clay Hart (M °27) vice-president of 
the Cuban Telephone Company, Havana, 
died on March 23, 1943. Mr. Hart, who 
was born January 22, 1881, in Jacksonville, 
Fla., entered engineering as a draftsman 
with the United States Government of 
Intervention in Cuba in 1901. During 1903 
and 1904 he supervised a surveying party 
for the Bahia Honda (Cuba) Land and 
Improvement Company. He had charge 
of a surveying corps as well as being resi- 
dent engineer with the Havana (Cuba) 
Central Railway in 1905 and 1906. He 
held the positions of engineer and general 
superintendent of the Electricity and Trac- 
tion Company of Santiago, Cuba, in 1907, 
district engineer with the Department of 
Public Work, Santiago, in 1908, and engi- 
neer with T. H. Huston, General Contrac- 
tor, Havana, in 1909. His association with 
the Cuban Telephone Company com- 
menced in 1910, when he took charge of the 
company’s long distance right of way. 
Subsequently he became cable engineer, 
plant engineer, Havana plant superinten- 
dent, general plant superintendent, as- 
sistant chief engineer, and chief engineer. 
He was named vice-president in 1927. 


Henry D. Reed (A’94, M13) president 
of the Bishop Wire and Cable Corporation, 
New York, N. Y., died April 27, 1943. 
Born in 1869 at Poughkeepsie, N. Y., he 
graduated from Stevens Institute of Tech- 
nology in 1892. He immediately joined 
the Bishop Gutta Percha Company, which 
became the Bishop Wire and Cable Corpo- 
ration in 1925, and was placed in charge of 
cable testing. From 1901 to 1908 he was 
general superintendent in charge of the 
manufacture of electric cables. He be- 
came vice-president of the company in 1909 
and president in 1919. In addition he 
served as president of Bishop Industries, 
Inc., the Glenwood Holding Company, the 
No-Slip Rubber Company, and the Peter’s 
Manufacturing Company. 


Dana Ripley Bullen (A ’02) retired assist- 
ant vice-president of the General Electric 
Company, Schenectady, N. Y., died May 
10, 1943. Mr. Bullen was born at Wake- 
field, Mass., August 13, 1864, and received 
the bachelor of arts degree from Brown 
University in 1886. His entire career was 
spent with the General Electric Company 
and its predecessor the Thomson-Houston 
Electric Company, Lynn, Mass., where he 
entered the construction department in 
1887. He was transferred to the com- 
mercial department in 1890 and remained 
there until 1915 when he became manager 
of the supply department. In 1923 he was 
appointed assistant vice-president. He re- 
tired in 1933. He had been a director of 
the Locke Insulator Corporation. 
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Recommended for Transfer 


The board of examiners, at its meeting on M 
1943, recommended the following members for rhe? 
fer to the grade of membership indicated. Any ob- 
jection to these transfers should be filed at once with 
the national secretary. 


To Grade of Fellow 


DuBose, M., general manager, Saguenay Power Com- 

Siig! Montreal, Que., Canada, 

Hazen, Ht. L., professor in charge, department of 
electrical engineering, Massachusetts Institute of 
Technology, Cambridge, Mass, 

Housley, J. E., district power manager, Aluminum 

; SPER of America, Alcoa, Tenn, 

Liversidge, H. P., president, Philadelphia Electric 

Supt aoet Philadelphia, Pa. 

Lyman, . J., engineering assistant to manager, 
Duquesne Light Company, Pittsburgh, Pa. 

Robertson, B. L., associate professor of electrical engi- 
neering, University of California, Berkeley, Calif. 

Skeats, W. F., research engineer, General Electric 
Company, Philadelphia, Pa. 

Stiner, H. W., electrical engineer, coal division, Kop- 
pers Company, Pittsburgh, Pa. 


8 to grade of Fellow 


To Grade of Member 


Aicher, L. C., assistant electrical engineer, Allis- 
Chalmers Manufacturing Company, Milwaukee, 

is. 

Arnold, E. J., division transmission and protection 
engineer, Michigan Bell Telephone Company, 
Saginaw, Mich. 

Arthur, R. S., electrical sales engineer, General Electric 
Company, Schenectady, N. Y. 

Baker, D. H., transmission and protection engineer, 
Michigan Bell Telephone Company, Detroit, 
Mich. 

Bush, F. W., assistant to manager, electrical depart- 
ment, Allis-Chalmers Manufacturing Company, 
Milwaukee, Wis. 

Dickinson, W. H., engineer, Standard Oil Develop- 
ment Company, Elizabeth, N. J 

Diehl, G. S., assistant to superintendent of operation, 
Pennsylvania Water and Power Company, Balti- 
more, F 

Doan, G. H., assistant to superintendent of electric 
system, Detroit Edison Company, Detroit, Mich. 

Donelson, L. E., toll transmission engineer, Michigan 
Bell Telephone Company, Detroit, Mich. 

Elge, E. A., field engineering, power transmission de- 

artment, General Electric Company, Pittsfield, 
ass. 

Estrada, H., superintendent of economy division, 
Philadelphia Electric Company, Philadelphia, 

a. 

Gaty, L. R., assistant electrical engineer, Philadelphia 
Electric Company, Philadelphia, Pa. 

Heine, G. M., electrical engineer, Cutler-Hammer, 
Inc., Milwaukee, Wis. : 

Johnson, J. O., chief product engineer, Aircraft- 
Marine Products Inc., Elizabeth, N. J. 

Komives, L. I., electrical engineer, Detroit Edison 
Company, Detroit, Mich. ; 

Leroy, E. R., acting vice-president in charge of engi- 
neering, Teleregister Corporation, New York. 

MacGuffie, C. I., manager, industrial dept., General 
Electric Company, Schenectady, N. Y. f 

Marvin, H. B., assistant engineer, General Electric 
Company, Schenectady, N. Y. 

McCoy, R. L., chief design engineer, Locke Insulator 
Corporation, Baltimore, Md. 

Moore, R. G., electrical engineer, Allis-Chalmers 
Manufacturing Company, West Allis, Wis. — 
Rayner, R. L., transmission maintenance engineer, 
Michigan Bell Telephone Company, Detroit, 

Mich. ; : 

Sellers, J. F., engineer in charge of d-c engineering, 
electrical department, Allis-Chalmers Manufac- 
turing Company, Milwaukee, Wis. : 

Shepherd, R. V., electrical engineer, General Electric 
Company, Schenectady, N. Y F 

Sillers, T. G. A., assistant engineer, in charge, switch- 
gear division, Allis-Chalmers Manufacturing 
Company, W. Allis, Wis. oe 

Smith, W. C., engineer of foreign wire relations, Michi- 
gan Bell Telephone Company, Detroit, Mich. 

Snell, D. S., electrical engineer, General Electric Com- 
pany, Schenectady, N. Y. Ae ‘ 

Thiermann, A. H., control engineer, Virginia Electric 
and Power Company, Richmond, Va. / 

Thomas, D. E. F., senior research engineer, Detroit 
Edison Company, Detroit, Mich. : 

Warren, H. S., Phoenix-Arizona manager, Westing- 
house Electric and Manufacturing Company, 
Phoenix, Ariz. 

Weber, E., consulting engineer, Denver, Colo. 

Welman, G.., chief electrical inspector, Louisiana Rat- 
ing and Fire Prevention Bureau, New Orleans, La. 

Winn, L., chief of substation, Memphis Light, Gas and 
Water Division, Memphis, Tenn. 

Woodward, J. S., electrical design engineer, General 
Electric Company, Schenectady, N. Y 


Obs) 


Wright, J. D., manager, industrial engineering de- 
partment, General Electric Company, Schenec- 
tady, N. Y. 

Zimmerer, C. W., assistant electrical engineer, Under- 
writers Laboratories, Inc., New York 


35 to grade of Member 


Applications for Election 


Applications have been received at headquarters 
from the following candidates for election to member- 
ship in the Institute. Names of applicants in the 
United States and Canada are arranged by geo- 
graphical District. Any member objecting to the 
election of any of these candidates should so inform 
the national secretary before June 30, 1943, or August 
31, 1943, if the applicant resides outside of the United 
States or Canada. 


To Grade of Member 


Bullied, J. S., Capitol Elec. Co., San Diego, Cal. 

Cannedy, R. E., Arthur McKee & Co., Cleveland, O. 

Goskerling, H. B., Oregon State College, Corvallis, 
reg. 

Cotes pies Cole Elec. Prod. Co., Inc., L. I. City, 


Cummings, B., Ill. Bell Tel. Co., Chicago, Il. 
Dace, F. E. (Member re-election), Bradley Polytechnic 
Inst., Peoria, Ill. 
Denny, W. M., Gen. Elec. Co., Schenectady, N. Y. 
Dewar, H. D., Gibbs and Hill, Inc., New York, N. Y. 
Henry, P., Leach Relay Co., Los Angeles, Cal. 
Hough, A. L., Shawinigan Water and Pr. Co., Mon- 
treal, Canada. 
Howlett, P. W. (Member re-election), Sangamo Co., 
Montreal, Canada. 
enks, D. W., Gen. Elec. Co., Schenectady, N. Y. 
ohnson, R. E., Gen. Elec. Co., Los Angeles, Cal. 
oy, H. M., Master Elec. Co., Dayton, O. 
night, J. B., Jr., U. S. Navy, Port Trumbull, New 
London, Conn. 
Mack, E. A., Consult. Engr., Huntington, W. Va. 
Mann, W. J., Jr. (Member re-election), Wolfe & 
Mann Mfg. Co., Baltimore, Md. 
Martin, D., J. H. Bunnell & Co., Brooklyn, N. Y. 
Mc Nutt, W. H., W. E. & M. Co., Cincinnati, O. 
Mohler, F., Gen. Elec. Co., Schenectady, N. Y. 
peti Carat Johns-Manville Sales Corp., New York, 


Parker, W. A. H. (Member re-election), Craven House, 
Kingsway, London, England. 

Peters, J. R. (Member re-election), City of Seattle 
Dept. of Ltg., Seattle, Wash. 

Poliquin, A. L., Master Elec. Co., Dayton, O. 

Rafn, J. S., Rafn-Morgan Elec. Co., Billings, Mont. 

Smith, J. E., Kelso Wagner Co., Dayton, O. 

Smith, R. P. (Member re-election), Westinghouse 
Elec. Supply Co., Atlanta, Ga 

Trone, D. (Member re-election), Internatl. Gen. Elec. 
Co., Schenectady, N. Y. 

eee P., Canadian Industries, Ltd., Montreal, 

anada. 

Vellines, W. E., Jr., Chesapeake & Potomac Tel. 
Co., Charleston, W. Va. 

Watson, H. E. (Member re-election), Gen. Elec. Co., 
Cincinnati, O. 

Zimmerman, N. W.-F., American Cyanamid Co., 
Bound Brook, N. J. 


32 to grade of Member 


To Grade of Associate 
United States and Canada 


1. Nortru Eastern 


Brewer, G. R., M.I.T., Cambridge, Mass. 

Elliott, J. R., Gen. Elec. Ex-Ray Corp., Boston, Mass. 
Fortenbach, J. H., Gen. Elec. Co., Schenectady, N. Y. 
Grenfell, K. P., Gen. Elec. Co., Schenectady, N. Y. 
Johnson, E. L., Conn. Pr. Co., New London, Conn. 
Kulberg, M. E., Sylvania Elec. Products, Inc., Salem, 


ass. 

Losey, J. J., Gen. Elec. Co., Lynn, Mass. 

Pope, K., N. E. Tel. & Tel. Co., Boston, Mass. 

Scanlan, J. P., Mutual Boiler Ins. Co., Boston, Mass. 

Shackelford, C. H., Gen. Elec. Co., Schenectady, N. Y. 

Snyder, W. W. (Associate re-election), Niagara Alkali 
Co., Niagara Falls, N. Y. 

Stauffer, L. H., Gen. Elec. Co., Schenectady, N. Y. 

Vacca, R. H., Harvey Radio Labs., Inc., Cambridge, 


Mass. 
White, M. L., W. E. & M. Co., Boston, Mass. 
2. Muppie Eastern 


Baker, A. J., Ohio Power Co., Philo, O. 

Barkley, W. J., Cons. Gas Elec. Lt. & Pr. Co., Balti- 
more, Md. 

Boyer, C. S., Gen. Elec. Co., Philadelphia, Pa. 

Breit, R. J., War Dept., Wright Field, Dayton, O. 

Bryans, H. T., Philadelphia Elec. Co., Philadelphia, 


‘a. 

Burke, D. C., Gen. Elec. Co., Philadelphia, Pa. 

a C. H., Susquehanna Elec. Co., Conowingo, 
d 


Carlson, J. T., Master Elec. Co., Dayton, O. 

Cherones, W. J., Air Sery. Com., Patterson Fd., Fair- 
field, O. 

Chromick, J., Frigidaire Pt. #2, Moraine, O. 

Clark, L. D., Master Elec. Co., Dayton, O. 

Dunn, J. W., Greenville Elec. Lt. & Pr. Co., Green- 


ville, 
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Dunning, R. P., Graybar Elec. Co., Inc., Dayton, O. 

Feldstein, S. V., Gen. Elec. Co., Philadelphia, Pa. 

Hamm, G. B., Wright Field, Dayton,O. 

Hayn, G. J., Gates & Shepard, Philadelphia, Pa. 

Heindl, J. J., Jr., Cons. Gas & Elec. Co., Baltimore, 
M 


Henry, L. H., Genl. Motors, Dayton, O. 

Keel, J: Jo Western Elec. Co., Baltimore, Md. 

Kelley, S. B., U.S.N., Neville Is., Pittsburgh, Pa. 

Killen, R. B. (Associate re-election), Dayton Pr. & 
Lt. Co., Dayton, O. 

Lang, J. O. (Associate re-election), Dayton Pr. & Lt. 
Co., Dayton, O. f 

Major, C. B., Brown & Heim, Inc., Baltimore, Md. 

Medley, E. H., Lear Avia, Inc., Piqua, O. 

Milroy, P. R., Gen. Elec. Co., Erie, Pa. 

Munhall, D. J., Natl. Carbon Co., Cleveland, O. 

Noren, T. E., American Tel. & Tel. Co., Dayton, O. 

Oxley, K. G., Dayton Pr. & Lt. Co., Dayton, O. 

MacMillan, N., Natl. Cash Register Co., Dayton, O. 

Marshment, B. C., U. S. Navy, Cincinnati, O. 

Menard, G. A., Gen. Elec. Co., Philadelphia, Pa. 

Nelson, R. H., Westinghouse Radio Div., Baltimore, 
Md. P 

Noy, J. M. (Associate re-election), Climax Molyb- 
denum Co., Langeloth, Pa. 

Parsons, H. S., Whiteley Elec. Co., Baltimore, Md. 

Peirce, C., War Dept. Wright Field, Dayton, O. 

Pottle, C. J., Frigidaire Pt. #2, Dayton, O. 

Puterbaugh, W. H., Jr., Natl. Cash Register Co., 
Centerville, O. 

Rappaport, H., Penn. R.R., Harrisburg, Pa. 

Schindler, H. J., War Dept., Wright Field, Dayton, O. 

Sprinkel, E. R., Frigidaire Pt. #2, Dayton, O. ; 

Squibb, R. W., American Rolling Mill Co., Zanesville, 
(a) 


Surber, W. H., Jr., Princeton Univ., Princeton, N. J. 

Teszak, J. C., Navy Dept. Bureau of Ships, Washing- 
ton, D. C. 

Unger, J. J., Elect. Prod. Co., Cleveland, O, 

Vaughn, H. R., Line Material Co., Zanesville, O. 

Warner, R. M., Dravo Corp., Wilmington, Del. 

Weddell, J. A. (Associate re-election), Goodyear Tire 
& Rubber Co., Akron, O. 

Wojcik, H. L., Air Serv. Com., Patterson Fd., Dayton, 
Oo 


Yetter, J. W., Gen. Elec. Co., Philadelphia, Pa. 


3. New York City 


Adams, L. F., U.S. Navy Yard, Brooklyn, N. Y. 

Anderson, R. I., Sperry Gyroscope Co., Inc., Brook- 
LymasyING Xe 

Bachman, C. V., Orange & Rockland Elec. Co., 
Monroe, N. Y. 

Bank, H. M., 754 Lexington Ave., Brooklyn, N. Y. 

Blanchard, T. G., Bell Tel. Co., Inc., New York, 
N.Y 


Carman, R. C., Ward Leonard Elec. Co., Mt. Vernon, 
N. Y 


Doyle, P. W. (Associate re-election), Cox & Stevens, 
Inc., New York, N. Y. 

Emerson, J. A., Burns & Roe, New York, N. Y. 

Green, J. B. P., Abbott Merkt & Co., New York, N. Y. 

Haylock, F. B., Gage Publishing Co., New York, N. Y. 

Hliddal, T., I. T. & T. Corp., New York, N. Y. 

Hot mann, J. C., Forstmann Woolen Co., Passaic, 


Kandel, E., Kandel Bros., Middletown, N. Y. 

Kerner, G. H., Western Elec. Co., Kearny, N. J. 

Klemantowitz, W., Western Elec. Co., New York, 
INF! 


Koch, R. H., J. G. White Engr. Corp., New York, 
INDY: 


Lake, R. E., Pratt Inst., Brooklyn, N. Y. 

LoMedico, T. J., G. G. Sharp, New York, N. Y. 

O’Hara, T. P., U. S. Navy Yard, Brooklyn, N. Y. 

Patrone, E. F., U. S. Navy Yard,.N. Y. 

Powell, P. T., U.S. Rubber Co., Passaic, N. J. 

Proctor, P., Proctor Elec. Co., Asbury Park, N. J. 

Rabinovitch, V. S., Mining Equipment Corp., New 
York, N. Y. 

Reber, J. F. (Associate re-election), Chemical Const. 
Corp., New York, N. Y. 

Ryan, E. H., U. S. Govt., Navy Dept., Navy Yard, 
NIX 


Ryan, J. R. C., Techno Scientific Co., Yonkers, N. Y. 
Stuart, W. T., McGraw-Hill Pub. Co., New York, 
N.Y, 


4. SouTHern 
Emmons, P. A., Jr., Carolina Aluminum Co., Badin, 
N.C 


McCartney, C. B., Fla. Pr. Corp., St. Petersburg, Fla. 
Raffalovich, E. V., Tenn. Valley Auth., Wilson Dam, 


Ala. 
Roberts, W. F., Tenn. Valley Auth., Chattanooga, 
Tenn. 


5. Great LAKES 
Beach, G. H., Commonwealth Edison Co., Chicago, 
Ill 


Cassidy, C. F. (Associate re-election), Gen. Elec. Co., 
Chicago, Ill. 

Hurst, E. H., Hartford Steam Boiler Inspection & 
Ins. Co., Detroit, Mich. 

McNeill, E. H., The Okonite Co., Chicago, III. 

Petry, H., Engr., Rushville, Ind. 

Beentors) J. K., E. I. DuPont & Co., Charlestown, 
nd. 

Schmitz, N. L., Cutler-Hammer, Inc., Milwaukee, 


Wis. 
Vanderbeek, R. O., H. A. Douglas Mfg. Co., Bronson, 
Mich. 


Institute Activities 


7. Sour West 


-Anderson, R. L., Lower Col. River Auth., Austin, 


mex. ies 
Brown, F. W., Kansas Gas and Elec. Co., Wichita, 


Kans. ; 
Coate, L. W., Butler Mfg. Co., Kansas ie, Mo. 
Harris, H. W., University of Mo., Columbia, Mo. 
Horn, R. T., St. Joseph Pr. & Ltg. Co., Stiesepls, Me. 
Haynes, C. M., Empire Dist. Elec. Co., Baxter Springs, 
Kans. } 
Oliver, W. H., A. T. & T. Co., St. Louis, Mo. 
Shriver, W. B., W. E. & M. Co., Houston, Tex. 


8. Paciric 


Gagnier, C. E. (Associate re-election), No. Amer. 
Avia., Inc., Inglewood, Cal. 

Gindroz, F. H., Elec. Engg. & Mfg. Corp., Los 
Angeles, Cal. 

Glaze, L. B., No. Amer. Avia., Inc., Inglewood, Cal. 

Gragg, W. C., Goodyear Aircraft Corp., Litchfield 
Park, Ariz. ; 

Grane, M. M., U. S. Navy, San Francisco, Cal. 

Hanna, H. F., Pac. Naval Air Bases, Alameda, Cal. 

Holley, C. C., Aluminum Co. of America, Los Angeles, 
Cal. 

Johnston, B. W., Douglas Aircraft Co., Santa Monica, 
Cal 


al. 
King, S. C., Douglas Aircraft Co., Santa Monica, Cal. 
Mangum, O. K., U. S. Bur. of Reclamation, Phoenix, 
Ariz. 
Maurice, G., Elec. Engg. & Mfg. Corp., Los Angeles, 
al 


McEntee, L. C. (Associate re-election), Consolidated 
Aircraft, San Diego, Cal. 

McMullin, E. K., No. Amer. Aviation, Inc., Ingle- 

wood, Cal. 

Morairty, A. F., Central Arizona Lt. & Pr. Co., 
Phoenix, Ariz . 

Morris, F. W., Southern Cal. Edison Co., Los Angeles, 
Cal. 

Nash, A. W., Douglas Aircraft Co., El Segundo, Cal. 

Nothmann, R. S., Sawyer Elect. Mfg. Co., Los Angeles, 
Cal. 

Payse, V., Jr., No. Amer. Avia., Inc., Inglewood, Cal. 

Phillips, E. C., Coast Elec. Co., San Diego, Cal 

Piper, R. I., Southern Cal. Tel. Co., Los So Soe Cal. 

Rogers, S., Dr. Lee de Forest, Hollywood, Cal. 

Russell, W. A., Jr., Douglas Aircraft Co., Santa 
Monica, Cal. 

Seibert, R. C., Cutler-Hammer Co., Los Angeles, Cal. 

Shinn, G. C., Roosevelt Base, Terminal Island, Cal. 

Strader, M., Jr., Aluminum Co. of America, Torrance, 
Cal. 

Strauss, F. E., Gen. Elec. Co., San Francisco, Cal. 

Taylor, D. H., Douglas Aircraft Co., Los Angeles, 
Cal 


Yates, C. T., Cent. Arizona Lt. & Pr. Co., Phoenix, 
Ariz. 


9. NortH WEstT 


Applegate, W. A., U.S. Army Engrs., Portland, Ore. 

Ball, R. M., Montana Pr. Co., Butte, Mont. 

Benson, L. B., Anaconda Wire & Cable Co., Seattle, 
Wash. 

Carte, W. A., Siems Drake Puget Sound Co., Seattle 


ash. 

Converse, W. H., Jr., Siems Drake Puget Sound 
Co. Seattle, Wash. 

Fahlstrom, M. E., Diablo Pr. Plant, Rockport, Wash. 

Hudson, H. M. (Associate re-election), Harold M. 
Hudson Co., Seattle, Wash. 

Klaunig, W. E. J., Associated Shipyards, Seattle, 
Wash 


ash. 
Mosley, W. J., Puget Sound Pr. & Lt. Co., Seattle, 
ash. 
Rydell, R. W., Spokane Army Depot, Spokane, Wash. 
Scofield, E. E., Washington Water Pr. Co., Spokane, 
Wash. 
Temple, R. B. (Associate re-election), Gen. Elec. Co., 
Portland, Ore. 
Walker, R. A., Puget Sound Pr. & Lt. Co., Seattle, 
Wash. 


10. CANADA 


Hastings, A. S , Canadian Comstock Co., Montreal, 
Canada. . 

Kirlin, G (Associate re-election) Canada Wire and 
Cable Co., Montreal, Canada. 

Morden, W. E.. Paillips Elec. Works, Ltd., Brockville, 
Ont. 

Walters, W. 11.. 
Canada. 


Elsewhere 


Rabay, A. N., Gen. Elec. Co., S/A, Rio de Janeiro, 
Brazil. 

Simmons, H. G., Distributing Dept. Elect. Board, 
Trinidad, B. W. I. 

Mop L., Westinghouse Elec. Intl. Co., Santiago, 

ile. 

O’Bourke, W. G., Cable & Wireless West Indies Ltd., 
Havana, Cuba. 

Penzig, O. D., Gen. Elec. Co., Ltd., Witton, Birming- 
ham, England. 

Meeks, C. A. L., Westmorland & Dist. Elec. Supply 
Co., Ltd., Carnforth, Lancashire, England. 

Stewart, R. H., English Elect. Co., Ltd., Stafford, 
England. 

Sidhu, H. S., Indian Inst. of Sciences, Bangalore, 
India. 

Total to grade of Associate 


United States and Canada, 155 
Elsewhere, 8 


Northern Elec. Co., Ltd., Montreal, 
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Foreign Patents Offered 
to U. S. Industry 


Putting the patents formerly vested in 
enemy nationals or nationals of enemy- 
occupied countries to work for the United 
Nations war effort, is the major task yet to 
be accomplished in combating the eco- 
nomic penetration of American industry by 
enemy interests, according to a recent re- 
port by the Office of the Alien Property 
Custodian and the Treasury Department 
who are charged with the handling and 
disposal of enemy property. 

A number of small firms have been able 
through patent licenses obtained from the 
Custodian .to convert their plants to war 
production. Some of the products and 
processes covered in these conversions are 
collapsible boats for the Navy, fire-fighting 
materials, machining crankshafts, materials 
used in dressing ores, manufacture of alu- 
mina for airplanes, and heat-treating facili- 
ties for metal working. 

The patents in use, however, represent 
but a small part of the 41,077 patents and 
pending patent applications covering in- 
ventions in every field of applied science, 
which have been vested and are under the 
control of the Custodian. These patents 
symbolize the expenditure of millions of 
dollars and millions of man-hours of re- 
search by the finest scientific minds of 
countries under Axis domination. They 
cover some of the latest achievements in 
the production of dyestuffs, plastics, phar- 
maceuticals, electrical goods, and textiles. 
Many patents on processes that have 
enabled the enemy to carry on mechanized 
warfare while cut off from petroleum, 
rubber, and other raw materials are in- 
cluded. The figures released by the Cus- 
todian reveal the proportion of patents in 
different fields: 1,282 are in the field of 
ordnance and aeronautics, 25,423 are 
related to manufacture, transportation, 
power, and machinery, 6,647 are chemical 
in nature, 836 metallurgical, and 6,889 
electrical. 

As indicative of the importance such 
patents could assume in the national econ- 
omy, the office of the custodian listed some 
of the American companies whose progress 
has been aided by German patents seized 
during World War I. In the last war pat- 
ents vested from the enemy were licensed to 
producers on an exclusive basis. However, 
at present the government is following a 
policy designed to make the scientific ad- 
vances latent in the patents more generally 
felt in American industry as a whole. As 
many industrial producers as possess the 
means of employing a patented device may 
obtain a patent license on a nonexclusive 
basis, and royalty-free terms. 

Patents which have been vested from 
the nationals of enemy-occupied countries 
will be licensed on the same non-exclusive, 
royalty-free basis except that the license 
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expires six months after the war ends. At 
present the government is negotiating the 
question of the royalties on such patents 
with the governments in exile of the coun- 
tries involved. 

The Office of the Alien Property Cus- 
todian has issued the following simplified 
outline of the procedure to be followed by 
those interested in securing licenses to any 
of the vested patents: 


1, Write to the Office of the Alien Property Cus- 
todian, Chicago, ILl., for an Index of Patents vested 
in the Alien Property Custodian. 


2. Write to the same address for classified lists of 
vested patents and patent applications in which you 
are interested. All classes are sold for ten cents each, 
except nine classes which are 25 cents each. 


3. Printed copies of vested patents and drawings 
and specifications of vested patent applications may 
be secured from the Commissioner of Patents, Wash- 
ington, D. C., for ten cents each, 


4. Send to the Office of Alien Property Custodian, 
Washington, D. C., your letter of application for a 
license to use a vested patent. Application fee of $50, 
plus $5 for each related patent to be covered in one 
license should accompany application. 


WPB Production Clinic Program 
Described at District Meeting 


Reviewing the success of the program of 
co-operation among industrial operators 
through problem clinics inaugurated by 
the War Production Board, T. M. Lin- 
ville (M °34), Schenectady Section Secre- 
tary, in a paper presented at the North 
Eastern District Technical Meeting, Pitts- 
field, Mass., on April 8, covered the ar- 
rangements made by WPB for financial and 
other assistance, local arrangements and 
program topics, and the organization of 
the Schenectady clinic. He emphasized 
the fact that, while normal industrial 
progress requires competition, war produc- 
tion benefits from co-operation. 

At the outset of the program the WPB 
decided to work through the national engi- 
neering societies to effect an exchange of 
experience that would make available to 
all operators the best solution to specific 
production problems. The co-operating 
national societies were: the American 
Society of Mechanical Engineers, the 
Society of Automotive Engineers, the 
American Institute of Chemical Engineers, 
the American Society of Civil Engineers, 
the American Institute of Electrical Engi- 
neers, and the American Institute of Mining 
and Metallurgical Engineers. The engi- 
neering societies were selected as _ best 
fitted for the work although they would be 
acting for nonmembers more often than for 
their own members. 

Under the terms of the contract outlined 
by Mr. Linville, the normal budget of a 
clinic is $200. This cost is borne by the 
WPB. Any dinners or luncheons con- 
nected with the clinics are self-sustaining. 


Of Current Interest 


Program subjects must adhere strictly to 
shop talk about production methods and 
problems. ‘Topics chiefly administrative, 
war contracts, priority difficulties, labor 
relations are not to be discussed. WPB and 
the Office of War Information assist with 
publicity. In addition Mr. Linville men- 
tioned a pamphlet, “Suggestions for Organ- 
ization and Conduct of War Production 
Conferences,” published by WPB which 
gives a synopsis of the duties of the essential 
committees. Any one national society or 
group of societies may propose a clinic. A 
WPB representative will then visit the city 
chosen for the clinic to act as liaison agent. 

From his experience in organizing the 
recent Schenectady, N. Y., clinic (see 
page 265), Mr. Linville recommended that 
the national societies organize panels 
separately. However he stated that the 
broadest possible sponsorship pays the 
highest dividends in attendance and interest 
if responsibility can be properly allocated. 
Besides a discussion leader, several panel 
members are needed for each session. The 
latter should be prepared to present prob- 
lems for about ten minutes each and should 
possess wide experience in the subject dis- 
cussed. 

Attendance, which Mr. Linville believes 
is the surest measure of success, has varied 
from 500 to 2,500 at the clinics already held 
in 19 of the 37 cities picked by the WPB, 
since the first one at Newark, N. J. (ZE, 
July 43, pp. 382-3). As illustrative of the 
direction of interest at the clinics, Mr. Lin- 
ville cited the sessions best attended at 
representative clinics. These were: elec- 
trical problems and accident prevention at 
Philadelphia, Pa., maintenance and ma- 
chine-shop problems at Indianapolis, Ind., 
selection and training of employees and 
product inspection at Hartford, Conn., 
women in industry and electric-power ma- 
chinery at Providence, R. I., machine-shop 
problems and getting the most out of cutting 
tools by welding and brazing, protective 
metal coatings, and problems in drilling 
and tapping at Chicago, IIl. 

In conclusion Mr. Linville expressed his 
belief in the practical value of the team 
spirit engendered by industrial operators 
meeting with others faced with problems 
similar to their own. 


Navy Offers Commissions 
to Electronic Specialists 


Some of the billets for Naval officers 
trained in electrical engineering (EE, Feb. 
43, p. 81) created by the rapid expansion 
in the number of vessels serviced by ultra- 
high frequency apparatus are still to be 
filled according to a recent release from the 
Office of Naval Procurement. 

Men who hold degrees in electrical engi- 
neering or men with degrees in mathe- 
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matics, physics, or other branches of engi- 
neering who have acquired a sound working 
knowledge of a-c circuits and electronics 
may apply for commissions. As previously 
reported those accepted will be given the 
Navy’s three-months’ course in ultrahigh 
frequencies. 

Applications for the commissions are 
being received at local offices of Naval 
Officer Procurement in the following cities 
throughout the United States: 


Atlanta, Ga. New Orleans, La. 
Charleston, S. C. Birmingham, Ala. 
Columbia, S. C. Dallas, Tex. 
Jacksonville, Fla. Houston, Tex. 
Raleigh, N. C. Memphis, Tenn. 


Nashville, Tenn. 
‘Oklahoma City, Okla. 
New York, N. Y. 
Rochester, N. Y. 
Philadelphia, Pa. 
Pittsburgh, Pa. 
Richmond, Va. 
Charleston, W. Va. 
Norfolk, Va. 

San Francisco, Calif. 
Seattle, Wash, 
Portland, Oreg. 
Washington, D. C. 
Baltimore, Md. 


Boston, Mass. 
Chicago, IIl. 
Cincinnati, Ohio 
Cleveland, Ohio 
Des Moines, Iowa 
Detroit, Mich. * 
Kansas City, Mo. 
Milwaukee, Wis. 
Minneapolis, Minn. 
St. Louis, Mo. 

Los Angeles, Calif. 
Phoenix, Ariz. 

San Diego, Calif. 
Miami, Fla. 


Planning Board Formed 
by Radio Industry 


That a Radio Technical Planning Board 
which will chart the postwar course of 
frequency modulation, television, and 
other recent advances in radio has been 
formed by the Radio Manufacturers 
Association and the Institute of Radio 
Engineers with the co-operation of the 
Federal Communication Commission, was 
announced by FCC Chairman J. L. Fly 
at the recent annual meeting of the 
National Association of Broadcasters in 
Chicago, Ill. 

The Board, which has a scope similar 
to that of the prewar National Television 
System Committee, will seek to avoid delay 
in passing on the recent technical develop- 
ments in radio to the public after the war. 
By proper allocation of operating fre- 
quency and systems standardization the 
chaos which existed in the early nineteen 
twenties will not be repeated. 

The Board will function through a chair- 
man appointed by the presidents of the 
RMA and the IRE with the approval of 
the FCC, and members appointed by the 
Chairmen, representing recognized radio 
groups, and the chairmen of the panels. 
These panels will do the research necessary 
to formulate recommendations for govern- 
ment agencies and industrial and _profes- 
sional organizations. Panel membership 
will be appointed by the panel chairmen 
who will be appointed by the Board 
chairman. At present, panels on alloca- 
tion, spectrum utilization, high frequency 
generation, television and facsimile, direc- 
tion finding and location, industrial, medi- 
cal, and scientific equipment, standard 
broadcasting, relay systems, and radio 
communication are contemplated. Gov- 
ernment representatives may attend the 
sessions of the board or the panels but 
they are not entitled to vote on any matter 
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under consideration. Additional panels 
will be formed as they are needed. 

The project is being financed by the 
RMA and an appropriation of $10,000 has 
already been made to defray RTPB 
expenses. 


Capacitors Raise Transmission 
Capacity and Save Metals 


Experimenting with a midget power line, 
R. D. Evans (F’40) consulting transmis- 
sion engineer, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa., recently demonstrated a ‘method of 
increasing the capacity of a transmission 
system by means of thousands of small 
capacitor units distributed along the line. 

A comparison of costs based on Mr. 
Evans’ estimates shows the savings that 
might result from the use of this method to 
increase the capacity of atypicalline. ‘The 
cost of increasing the capacity of a 250-mile- 
long power line 65 per cent by an additional 
transmission line plus auxiliary equipment 
would be about $4,500,000. By installing 
7,200 capacitors instead, the same results 
can be attained for $1,200,000. The cost 
of a generator needed in both instances is 
not included in these appraisals. 

Substituting the capacitor units for extra 
transmission wires also conserves the more 
essential metals, Mr. Evans pointed out. 
While 7,200 capacitors can be built from 
nine tons of copper and brass, 175 tons of 
steel, and a few tons of aluminum, extra 
power lines would require 2,900 tons of 
copper and 7,600 tons of steel. 

‘The new device which secures the capaci- 
tors in steel structures beneath the power 
line was made practicable by a recently 
developed protective system in which 
switches automatically cut off the bank of 
capacitors from a circuit when a_ short 
circuit occurs. Service is again auto- 
matically restored when the trouble is re- 
moved. Mr. Evans collaborated with A. C. 
Monteith (M’40) and R. E. Marbury 
(M’°36) in developing this protective 
system. 


Mica Supply Still 
Barely Adequate 


Although immediate erection of a plant 
which will produce ‘‘Polectron,”’ synthetic 
substitute for mica, has been announced 
by the General Aniline and Film Corpora- 
tion, New York, N. Y., the mica-graphite 
division of the War Production Board has 
issued a warning that no end to the heavy 
drain on the critically low stock of high- 
grade mica may be expected. 

The Board pointed out that none of the 
new materials now in process of develop- 
ment can be used as an all-around sub- 
stitute for mica. In addition there has 
been little actual adoption either by the 
armed services or by prime contractors of 
components containing any of these new 
materials as a replacement for mica. 


Of Current Interest 


Even when estimates on the percentage of 
substitution that now seems probable in 
the near future are taken into account the 
remaining requirements of war industries _ 
will absorb all anticipated mica production. 

The Aniline corporation’s product 
“‘Polectron” combines high temperature 
resistance with low dielectric loss which 
make it useful in several types of radio 
equipment now requiring mica. Polectron 
can be employed in the production of 
electronic apparatus without fundamental 
change in machines or methods of manu- 
facture. One ton of “Polectron”’ fabricated 
into mica replacement material will save 
from 10 to 15 tons of imported block mica 
which often must be flown from India or 
Brazil. 


Government Has $7,000,000,000 
Invested in War Plants 


The $7,000,000,000 which the United 
States Government has invested in 1,479 
war plants portends an extensive govern- 
ment interest in postwar industry, Secre- 
tary of Commerce Jesse Jones indicated in 
an Army Day address delivered at New 
York. 

According to Mr. Jones the Defense Plant 
Corporation, a subsidiary of the Recon- 
struction Finance Corporation, has financed 
54 plants for radio and radio equipment 
with an investment of $60,000,000. Other 
plants so subsidized are 51 airplane plants, 
344 plants for making airplane parts, 64 air 
school plants, 70 ordnance plants, 161 
plants for manufacturing tools, and 43 
plants for aluminum manufacture. In- 
vestment in plants for airplanes and parts, 
instruments and _ accessories, totaled 
$2,640,000,000 while the total investment 
for guns, ammunition, tanks, and armor 
was $440,000,000. 

In Mr. Jones’s opinion the government 
should neither own ner operate the facili- 
ties it has constructed but should expect to 
work with private industry in operating 
these plants. 


Automatic Control Sights 
Antiaircraft Guns 


A mechanical brain that will sight an 
antiaircraft gun automatically, accurately, 
and instantly is being developed by the 
engineers of the Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa. The distance to the target, its rate of 
speed, its direction of travel up or down, 
the amount of windage, the force of gravity, 
the gunner’s own speed and direction if 
any, all hitherto separate computations 
will be part of one automatic operation. 

Instruments will provide the gun operator 
with the actual angular position of a nearby 
radio antenna recording the foregoing facts. 
This antenna either remains fixed in posi- 
tion, rotates continuously at speeds varying 
from one revolution per minute to one 
every six hours, or swings back and forth 
through a selected arc at a chosen speed. 
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The controls and drive will work accu- 
rately even when wind velocities rise to 
125 miles per hour, and temperatures fall 
far below zero. 

The heavy gun turret which turns slowly 
if hand-propelled swings by electric power 
under the new control scheme. Some older 
type guns can be corrected to the sighting 
mechanism by a hydraulic torque amplifier 
or oil-driven gear. 


Chinese Engineers to Study 
American Techniques 


Under a program developed jointly by 
the National Resources Commission of 
China and the Board of Economic Warfare, 
32 young Chinese engineers have arrived 
in the United States to study American 
engineering techniques which they intend 
to employ in rebuilding China, the Board 
announced recently. 

The engineers expect to remain two 
years working in their major fields of 
interest. Eight of the group who expressed 
interest in electric power generation and 
transmission have taken positions with the 
Tennesseee Valley Authority. Others are 
studying production of electrical equip- 
ment, mechanical and chemical engineer- 
ing, metallurgy, mining, petroleum, and 
industrial management with privately 
owned industrial firms. 

The young men selected for the training 
program received advanced training in 
Chinese technical schools and _ possess 
several years of actual experience in their 
chosen fields. Since the industries to which 
they have been assigned are engaged in war 
work, the men are first accredited by the 
United States Army. They are paid by 
the National Resources Commission of 
China. The program was first sponsored by 
the Division of Cultural Relations of the 
United States Department of State. 


Conservation Division of WPB 
Reorganized 


In order to establish a parallel relation- 
ship between the conservation of materials 
and the conservation of products manufac- 
tured from these materials, the Conserva- 
tion Division of the War Production 
Board has been reorganized into two main 
branches, materials and products, Howard 
Coonley, director of the Division has 
announced. 

Material substitution, product specifica- 
tion, and product simplification, which are 
the three main objects of the division, will 
cut across the work of the two major 
branches. This will result in greater co- 
ordination of the assistance given to the 
Division by its consultants. The latter will 
be called upon for advice on both materials 
and related products when industrial 
production planning is undertaken. 

Each consultant will continue to be 
responsible for conservation planning 
within a specific field of industry. Two- 
thirds of these consultants are technical 
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specialists. Before the war, 36 of them 
were professional engineers, 12 were chem- 
ists, while others were metallurgists, archi- 
tects or industrial engineers. The average 


span of specialized experience among them 
is 20 years. 


Radio Parts Now Soldered 
By Electronic Heat 


Electronic high-frequency induction heat 
will control some of the difficulties inherent 
in employing gas heat in soldering the 
crystal units which maintain frequency in 
war-radio equipment, J. E. Jordan (A °42), 
engineer, General Electric Company, Sche- 
nectady, N. Y., recently explained. 

When gas heat is used to solder the metal 
shield for the crystal units, there is an ever- 
present danger of distortion resulting from 
the slow heat’s being conducted to the 
crystal, he pointed out. Injurious effects 
may also result from the products of high- 
temperature gas combustion. 

Under the new process, Mr. Jordan dis- 
closed, the crystal unit is placed in a fixture 
adjacent to a two-turn inductor coil and a 
perforated air-blast ring nozzle. Heat and 
a cooling air blast alternately reach the 
metal of the unit for a few seconds at a time. 
The entire sequence is automatically timed 
to assure uniform seals. During the heating 
cycle the operator twists the shell slightly 
to distribute the solder. 


ASA Completes 
Standard for Radio Parts 


In order that home radio sets may be 
serviced with the least possible employ- 
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Future Meetings of Other Societies 


American Association for the Advancement of 
Science, June 14-19, 1943, Corvallis, Oreg, 


American Mathematical Society, June 16-17, 1943, 
Corvallis, Orep. 


American Chemical Society. September 6-10, 1943, 
Minneapolis, Minn. 


American Institute of Mining and Metallurgical 


Engineers. Joint fuels conference, October 28-29, 
1943, Pittsburgh, Pa. 


American Society for Metals. Annual convention, 
October 18-22, 1943, Chicago, III. 


American Society of Heating and Ventilating Engi- 
neers. Semiannual meeting, June 6-7, 1943, Pitts- 
burgh, Pa. 


American Society of Mechanical Engineers, Semi- 
annual meeting, June 14-16, 1943, Los Angeles, Calif, 


American Society for Testing Materials, 
meeting, June 28—July 2, 1943, Pittsburgh, Pa. 


Annual 


American Society of Refrigerating Engineers. 30th 
spring meeting, June 1-3, 1943, Cleveland, Ohio. 


Canadian Electrical Association. 


Annual meeting, 
June 17-18, 1943, Quebec, Que. 


Edison Electric Institute, Annual meeting, June 2-4, 
1943, New York, N. Y. 


Illuminating Engineering Society. Great Lakes 
regional conference, June 5, 1943, Detroit, Mich.; 
northeastern regional conference, June 11, 1943, 
New York, N. Y. 


Society for the Promotion of Engineering Educa~- 
tion. Annual meeting, June 18-20, 1943, Chicago, 
Ill. 


Society of Automotive Engineers, Diesel engine, 
fuels, and lubricants meeting, June 2-3, 1943, Cleve- 
land, Ohio. 


ment of scarce materials essential to the 
war effort, the American Standards As- 
sociation has issued a war standard for 
radio parts entitled, ‘““Power and Audio 


Oil Used in Impregnating Condenser Bushing 


These men are spiral-winding a large impregnated condenser bushing with paper 


and copper foil. 


The paper used in this process was formerly impregnated with 


shellac imported from India. By using oil instead the Westinghouse Electric and 

Manufacturing Company, East Pittsburgh, Pa., saves 144,000 pounds of shellac 

annually. Tests have shown that electrical qualities of the new bushing, par- 
ticularly the power factor, are superior to older types 


Of Current Interest 
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Transformers and Reactors, Home Re- 
ceiver Replacement Type.” The standard 
was compiled at the request of the Office 
of Price Administration. 

Covering the performance and quality of 
a simplified list of 14 such parts, the stand- 
ard is expected to meet the needs of about 
90 per cent of the radio sets in operation. 
The standard was drawn up with the in- 
tention of using a minimum of such ma- 
terials as copper and transformer steel, that 
might be allocated to radio replacement 
parts. The simplified list of units will also 
mean fewer production lines and smaller 
dealer inventories. 


Used Motor Unit Facilitates 
Production and Saves Materials 


The Used Motor Unit of the War Pro- 
duction Board recently announced a suc- 
cessful first full month of operation. Of 
1,515 requests for used motors and genera- 
tors the unit was able to fill all but 87. 

By placing idle equipment in active 
service in industry at large and in over 29 
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INSTITUTE members and subscribers are invited 
to contribute to these columns expressions of opin- 
ion dealing with published articles, technical 
papers, or other subjects of general professional 
interest. While endeavoring to publish as many 
letters as possible, Electrical Engineering reserves 
the right to publish them in whole or in part or to 
reject them entirely. Statements in letters are 


The Anniversary of a Symbol 


To the Editor: 


It has been brought out everywhere that 
the year of turmoil, 1942, marked the 60th 
anniversary of Edison’s Pearl Street power 
house and that of the first transmission line. 
But no mention was made that the same 
year marked the 50th anniversary of the 
introduction of the square root of minus one 
into electrical engineering by two young 
American engineers, as recorded casually 
in Electrical Engineering, December 1942. 

Perhaps the introduction of the «+7» 
will eventually be considered more impor- 
tant than the other two, or at least as im- 
portant. When we analyze the importance 
of inventions in the development of the 
electrical industry, which means practically 
all industry, we must give the analytical 
invention at least equal credit with that of 
physical invention. Would electrical en- 
gineering be what it is today without 
Maxwell or Heaviside? Would we have 
radio if Maxwell had not laid the mathe- 
matical foundation for it? Would the art 
of transmission and interconnection engi- 
neering be where it is today if Bedell and 
Crehore had not introduced the square 
root of minus one back in 1892? In this 
period of racial-superiority talk by others, 
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war agencies, the unit which was estab- 
lished in February has saved 400 tons of 
critical materials and approximately 40,000 
man-hours which would have been neces- 
sary to manufacture new equipment. At 
present 30,000 to 35,000 pieces of idle 
equipment are listed, and requirements for 
general-purpose standard types of second- 
hand motors can be filled quickly. How- 
ever owners of idle equipment are urged to 
register it immediately. 


Tantalum Mined in New Mexico. With 
the recent discovery of tantalum ore in 
New Mexico, manufacturers of special car- 
bides and electrical equipment may antici- 
pate an increased supply of that rare mate- 
rial, the United States Bureau of Mines 
has announced. By experimenting with 
30 tons of ore from which over three tons 
of high-grade concentrate were extracted, 
the Bureau has worked out a treatment 
process in detail in its pilot plant at Rolla, 
Mo. The concentrate which is stock- 
piled at Rolla has been priced at $3.50 a 
pound or $7,000 a ton by the Metals 
Reserve Company, a federal agency, which 
has undertaken disposal of the mineral. 


THE EDITOR 


expressly understood to be made by the writers. 
Publication here in no wise constitutes endorse- 
ment or recognition by the AIEE. All letters sub- 
mitted for publication should be typewritten, 
double-spaced, not carbon copies. Any illustra- 
tions should be submitted in duplicate, one copy an 
inked drawing without lettering, the other lettered. 
Captions should be supplied for all illustrations. 


it is interesting to note that a-c engineering 
is practically all American. It is also in- 
teresting to note that the two young Ameri- 
can engineers who introduced the x+/y did 
so as a matter of course, without proclaim- 
ing from the house tops that America is 
the source of all science. They did it with 
the modesty common to all young American 
engineers, inventors, and scientists. This 
very resourcefulness, unlimited, is our 
greatest hope in the war. Even now, in a 
new paper published in the December 1942 
issue of Electrical Engineering, Professor 
Bedell, very modestly, gives the fact a mere 
mention that he and his colleague prac- 
tically created modern a-c engineering. He 
quotes from a mimeographed paper pre- 
sented May 8, 1934, before the Los 
Angeles Section of the AIEE by P. H. 
Nunn: 

“In 1890 alternating current was just 
plain freak; it did not follow Ohm’s law 
and ‘clogged’ itself in its circuits. Bedell 
and Crehore had doped out its laws and 
demonstrated their concepts in 100 pages 
of solid calculus.” 

Again he shows his great modesty by re- 
porting that the ~/—1 has been used in 
astronomy back in 1797 and proceeds with 
his modesty by saying: 

“Tt is to A. E. Kennelly, however, that 
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credit should be given for bringing out its 
full significance in the application of com- 
plex quantities to a-c problems and to C. P. 
Steinmetz for so ably extending its useful- 
ness.” 

The fact remains nevertheless that Bedell 
and Crehore invented it for the electrical 
engineer. It would be well for the young 
electrical engineer to stop for a moment and 
think where he would be without the 
x-+jy. Our hats are off to Bedell and 
Crehore, the great, modest, competent, 
American pioneers, and many happy re- 
turns to them! 

M. M. SAMUELS (F’24) 


(Chief, technical standards division, Rural Electrifica- 
tion Administration, St. Louis, Mo.) 


Inventions, Patents, and _ the 


Engineer 
To the Editor: 


In his most interesting contribution to the 
discussion of ‘‘Inventions, Patents, and the 
Engineer,” Ford W. Harris gives expres- 
sion to a sentiment that I feel sure he will 
want to revise after due consideration. 
He says: 

“We can admit that the desire for profit 
is low and ignoble.” 

Although he modifies this statement 
somewhat by the unquoted part of the sen- 
tence, the impression is left that “the results 
produced up to date, etc.,” were en- 
gendered by ignoble motives. That, of 
course is not true. 

The notion that ‘‘profit” is ignoble is a 
relic of the false notion that in any business 
transaction the seller gains and the pur- 
chaser loses. If that were true, every pur- 
chaser would progressively grow poorer 
and poorer until all business would cease. 
The truth is just the reverse. Profit is the 
result of enterprise which benefits others 
as well as the enterpriser. 

For example: Electrical rates have been 
decreasing almost continuously since the 
beginnings of the electrical industry. At 
first electric energy was used almost ex- 
clusively for lighting, and consequently the 
rates were high, necessarily so. Here in 
Madison 33 years ago a kilowatt-hour of 
electric energy cost 16 cents. As the uses 
of electric energy increased, and as the 
means of its production was improved, the 
rates dropped until today a kilowatt-hour 
costs only a trifle more than two cents. 
Profits made this reduction in rates, ex- 
tension of service, and improvement in 
service possible. Again the first tungsten 
lamp cost me two dollars, and today I can 
buy a better lamp, even in a drug store, for 
from 10 to 15 cents. This reduction in 
price and improvement in the article was 
engendered by profits and not ignoble 
motives. Without profits there would be 
no electrical industry, and everyone would 
be the poorer. 

TVA is a nonprofit enterprise. That is, 
its stockholders, the taxpayers, have re- 
ceived no dividends. Does that fact make 
TVA’s motives more noble than those of 
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_ the Consolidated Edison Company which 
pays dividends and millions of dollars in 
taxes? 

C. M. JANSKY (F’32) 


(Professor emeritus of electrical engineering, University 
' of Wisconsin, Madison, Wis.) 


NEW BOOKS eee 


The following new books are among those recently 
received from the publishers. Books designated 
ESL are available at the Engineering Societies 
Library; these and thousands of other technical 
books may be borrowed from the library by mail 
by AIEE members. The Institute assumes no re- 
sponsibility for statements made in the following 
summaries, information for which is taken from the 
prefaces of the books. All inquiries relating to the 
purchase of any book reviewed in these columns 
should be addressed to the publisher of the book 
in question. 


Economy Loading of Power Plants and 
Electric Systems. By M. J. Steinberg and 
T. H, Smith. John Wiley and Sons, New 
York, N. Y.; Chapman and Hall, London, 
England, 1943. 203 pages, illustrations, 
etc., 91/2 by 6 inches, cloth, $3.50. (ESL). 

The problem of allocation of load to 
power plants and to the equipment within 
them so as to produce electricity at the 
lowest cost consistent with continuity of 
service has become important as large elec- 
tric systems have been interconnected. In 
this book the problem is discussed in detail. 
The underlying theory of economy loading 
is explained, the mathematical conditions 
for obtaining maximum efficiency are 
derived, the application of incremental 
rates for the solution of load-division prob- 
lems is set forth, the limitations in the ap- 
plication of the theory are discussed, and 
the practical solution of load-division 
problems is explained. There is a bibliog- 
raphy. 


Proteins, Amino Acids and Peptides as 
Ions and Dipolar Ions. (American Chemi- 
cal Society Monograph Series No. 90.) 
By E. J. Cohn and J. T. Edsall, including 
chapters by J. G. Kirkwood, H. Mueller, 
J. L. Oncley, and G. Scatchard. Reinhold 
Publishing Corporation, New York, N. Y., 
1943. 686 pages, illustrations, etc., 91/2 by 
6 inches, cloth, $13.50. (ESL). 

This book is the result of many years of 
study of an important topic on the border 
line between chemistry and biology. The 
evidence concerning the size and shape of 
molecules of the amino acids, peptides, and 
proteins is examined, and the number and 
distribution of the electric charges that 
they bear is examined and presented with 
full documentation. Especially, the authors 
consider the implications of the charged 
structure of these molecules for their physi- 
cal properties, and their physicochemical 
interaction with other molecules. 


ASTM Standards on Electrical Insulating 
Materials. The American Society for 
Testing Materials, Philadelphia, Pa., 1942. 
439 pages, 6 by 9, $2.50. (ESL). 

This edition of an annual publication 
contains 18 standard methods of testing 
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100,000,000-Volt X-Ray Machine 


This large electron accelerator which will weigh 130 tons when completed will 
generate X rays at voltages up to 100,000,000, making possible the examination 


of thicker metal sections than previously could be studied by X rays. 


The picture 


shows the lower part of the huge a-c magnet, made of slabs of steel spaced apart 


for cooling, and consisting of thin sheets cemented together. 


Examining one of the 


circular magnet pole faces, between which the electrons are whirled around in a 

six-foot doughnut-shaped glass vacuum tube are (left to right) Rudolph Wroblewski, 

who is assisting in the erection of the device, and W. F. Westendorp (A ’35) and 
Ernest E. Charlton of the laboratory’s X-ray section 


insulating materials, 25 tentative test meth- 
ods, and 16 specifications for insulating 
materials. The test methods are grouped 
under varnishes, paints, lacquers, and their 
products, plates, tubes and rods, molded 
materials, mineral oils, ceramic products, 
insulating paper, mica products, textile 
materials, and conditioning. Specifications 
are given for paint products, molded mate- 
rials, plates, tubes and rods, rubber prod- 
ucts, and textile materials. The annual 
report of the committee on electrical in- 
sulating materials, and several condensed 
reports on significance of tests are also in- 
cluded. 


ASTM Standards on Rubber Products. 
Prepared by ASTM committee D-11 on 
rubber products. Methods of ‘Testing 
Specifications. American Society for Test- 
ing Materials, Philadelphia, Pa., 1943. 
301 pages, illustrations, etc., 9 by 6 inches, 
paper, $1.75. (ESL). 

This annual brings together the standard 
and tentative methods of tests and speci- 
fications for rubber products which the 
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Society has approved, together with a use- 
ful bibliography on rubber testing, thus 
forming a convenient reference book for the 
laboratory. General methods, and special 
ones for hose, belting, gloves, matting, tape, 
latex, cements, sponge and hard rubbers, 
and for insulated wire and cables are given. 
Emergency alternate provisions for various 
standard specifications are included. 


ASTM Standards on Electrical-Heating 
and Resistance Alloys. Prepared by 
ASTM committee B-4. American Society 
for Testing Materials, Philadelphia, Pa., 
1942. 160 pages, $1.50 per single copy, 
$1.25 per copy for orders of 10 to 49 copies. 

This 1942-43 issue contains twenty- 
three specifications and tests for electrical 
heating and resistance alloys as well as 
four relevant technical papers. ‘Two, on 
thermostat materials, are reprinted from the 
1941 edition. The others are devoted to 
electrical surge tests on contact materials 
and testing machines, More standards 
were compiled for radio tube and lamp 
materials than for any other single cate- 
gory. 
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Practical Marine Diesel Engineering. By 
L. R. Ford. 4th edition. Simmons-Board- 
man Publishing Corporation, New York, 
N. Y., 1943. 642 pages, illustrations, etc., 
91/3 by 6 inches, cloth, $6. (ESL). 

The construction, operation, and main- 
tenance of marine Diesel engines are ex- 
plained thoroughly from the point of view 
of the operating engineer. The work is 
limited to the makes of engines that are 
being most used in the types of vessels now 
being built, especially those developed by 
the United States Maritime Commission. 
Other features are discussions of Diesel 
tugs, of deck and electrical machinery and 
of shipyard engine repairs. A chapter on 
license requirements is included. 


Chemical Aspects of Light. By E. J. 
Bowen. Oxford University Press, New 
York, N. Y., Clarendon Press, Oxford, 
England, 1942. 191 pages, diagrams, etc., 
9 by 51/2 inches, cloth, $4. (ESL). 
Readers who wish to know something of 
the theories of light and of its interactions 
with atoms and molecules, but who are not 
thoroughly versed in mathematics, will 
find this a helpful supplement to more 
formal treatises. Among the matters 
treated are atomic and molecular spectra 
from the chemical point of view, the inter- 
relations of scattering, Raman and fluores- 
cence radiations, luminescence and phos- 
phorescence, photochemical reactions, 
chemiluminescence and_ photocells. 


The American Leonardo, a Life of Samuel 
F. B. Morse. By C. Mabee. Alfred A. 
Knopf, New York, N. Y., 1943. 420 pages, 
index I-XV, illustrations, etc., 91/2 by 6 
inches, cloth, $5. (ESL). 

Morse’s career was outstanding in sev- 
eral fields. He was a portrait painter of 
distinction and founder of the National 
Academy of Design. He invented the 
telegraph and promoted it successfully. His 
life was a long, busy one, crowned with 
many honors. Mr. Mabee’s biography, 
based on long study and access to family 
papers, gives a very satisfactory and inter- 
esting account of the man and his work, the 
most complete that has appeared. 


Air Conditioning Analysis. By W. Good- 
man. The Macmillan Company, New 
York, N. Y., 1943. 455 pages, diagrams, 
etc., 9!/2 by 6 inches, cloth, $6. (ESL). 

The aim here is to present a compre- 
hensive unified treatment of the funda- 
mentals of the art of changing the condition 
of air, without discussing such related sub- 
jects as refrigeration, air handling, and 
temperature control. ‘The material pre- 
sented is developed from an elementary 
point of view and illustrated by numerous 
solved problems. Psychrometric charts 
with co-ordinates of enthalpy and specific 
humidity for a wide range of temperatures 
are included. 


Empirical Equations and Nomography. 
By D. S. Davis. McGraw-Hill Book Com- 
pany, New York, N. Y., and London, 
England, 1943. 200 pages, diagrams, etc., 
91/2 by 6 inches, cloth, $2.50. (ESL). 
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The first part of this book describes prac- 
tical methods for correlating engineering 
data and deriving usable empirical for- 
mulas. The fundamental methods of recti- 
fication are explained together with new 
techniques for two-variable data and a 
method of correlation for equations with 
three variables. Part two gives an excel- 
lent account of the theory and construction 
of nomographic and line co-ordinate charts. 
A good bibliography is included. 


Industrial Radiology. By A. St. John and 
H. R. Isenburger. 2nd edition. John 
Wiley and Sons. New York, N. Y.; Chap- 
man and Hall, London, England, 1943. 
298 pages, illustrations, etc., 91/2 by 6 
inches, $4. (ESL). 

This book is intended to furnish in read- 
able form authoritative information on the 
practical use of radiology in industry. The 
general principles governing the production 
and use of X rays and gamma rays are 
presented, together with the techniques 
suitable for important classes of industrial 
materials. A bibliography of over 1,300 
titles is a valuable addition to the book. 


Tennessee Valley Authority. By J. S. 
Ransmeier. Vanderbilt University Press, 
Nashville, Tenn., 1942. 486 pages, dia- 
grams, etc., 9 by 51/. inches, cloth, $3. 
(ESL). 

The aim of this study is to contribute to 
clarification of the problem of cost alloca- 
tion when river control is undertaken for 
multiple purposes. The author studies the 
problem as presented by the Tennessee 
Valley Authority. The development of the 
program is presented, the various theories 
and problems of cost allocation are dis- 
cussed critically, and the planning and 
policy examined. 


ASTM Standards on Copper and Copper 
Alloys. The American Society for Testing 
Materials, Philadelphia, Pa. 1942. 376 
pages, 6 by 9 inches, $2.25. 

In addition to more than 85 standards 
this current edition contains emergency 
specifications and emergency alternative 
provisions to the standards applying to 
copper alloy products. These are expected 
to aid in expediting procurement of mate- 
rials. The specifications listed cover copper 
and copper alloy wires for electrical con- 
ductors and non-ferrous metals used in 
copper alloys as well as copper and copper 
alloys, cast and wrought. 


Mechanics of Materials. By S. G. George 
and E. W. Rettger, revised by E. V. Howell. 
2nd edition. McGraw-Hill Book Company, 
New York, N. Y., and London, England, 
1943. 491 pages, diagrams, etc., 9!/2 by 
6 inches, cloth, $3.75. (ESL). 

A simple complete account of the es- 
sentials of the subject is provided, suitable 
for use as a college text, but containing 
more material than is usually covered in 
an elementary course. In this edition the 
sequence of chapters has been altered, 
rivet and column specifications have been 
revised, and an article has been added on 
the graphical solution of combined stresses. 
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A Course in Radio Fundamentals. By 
G. Grammer. American Radio Relay 
League, West Hartford, Conn., 1942. 
103 pages, illustrations, etc., 9!/2 by 61/3 
inches, paper, 50 cents. (ESL). | 

This is a study guide containing exami- 
nation questions and laboratory experi- 
ments which is intended to be used with the 
Radio Amateur’s Handbook. ‘The course 
is intended primarily for self instruction, 
but will also be of interest to teachers. The 
apparatus required is simple and can 
usually be constructed with material that 
the amateur has at hand. 


Abridged Scientific Publications from the 
Kodak Research Laboratories. Volume 
XXIII, 1941. Eastman Kodak Company, 
Rochester, N. Y., 1942. 283 pages, 61/2 by 
91/, inches. 

This is a collection of thirty-five papers 
published by members of the laboratory 
staff in various technical journals. The 
papers presented here are shortened and the 
experiments described cover many facets 
of the photographic process. 


PAMPHLETSe e e 


The following recently issued pamphlets may be 
of interest to readers of “Electrical Engineering.” 
All inquiries should be addressed to the issuers. 


Construction, Maintenance and Repair- 
ing of Aircraft Instruments. By J. A. 
Gordon. Reprinted by Henry Paulson and 
Company, 30 South Wabash Avenue, 
Chicago, IIll., from the Horological Four- 
nal, London, England, 1943. 29 pages, no 
charge. 


Technique of Molding Low Loss Pheno- 
lics. Bakelite Corporation, 30 East 42d 
Street, New York, N. Y., 1943. 16 pages, 
no charge. 


Tube Picture Book. RCA Victor Divi- 
sion of the Radio Corporation of America, 
Harrison, New Jersey, 1943. 7 pages, 10 
cents. Sale restricted to United States and 
Canada. 


Report From the Advisory Committee on 
Government Questionnaires. United 
States Chamber of Commerce, 1615 H 
Street, N. W., Washington, D. C., 1943. 
61 pages. 


Manpower Lost. War Manpower Com- 
mission, 11 West 42d Street, New York, 
N. Y., 1943. 28 pages. 


Absenteeism. War Production Board, 
Washington, D. C., 1943. 27 pages. 


Controlling Absenteeism. United States 
Department of Labor, Washington, D. C., 
1943. 57 pages, no charge. 


A Study of Glaze Stresses. By William 
C. Bell. Ohio State University, Columbus, 
1943. 28 pages, 40 cents. 


The Foreman. National Association of 
Manufacturers, 14 West 49th Street, New 
York, N. Y., 1943. 16 pages, no charge for 
single copies; quantities at cost. 
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Preprint of Corresponding Pages From the Current Annual AIEE Transactions Volume 
Any discussion of these papers will appear in the June 1943 Supplement to Electrical Engineering—Transactions Section 


Performance Calculations on Tapped- 


Winding Capacitor Motors 


A Method of Calculating Low-Speed Performance of Two- 
Speed Capacitor Motors With Open-End Type of Control 
Winding 


P. H. TRICKEY 


MEMBER AIJEE 


HE tapped-winding capacitor motor 

is used quite commonly to obtain a 
two-speed fan motor with a compara- 
tively’ simple switching arrangement. 
With the open-end type of connection as 
shown in Figure 1, the high-speed con- 
nection gives a normal capacitor motor, 
and its performance under any load may 
be determined by calculation with the 
formulas of either the revolving-field 
theory or the cross-field theory. Whena 
control winding is added to the already 
complicated capacitor motor circuits, the 
analysis by the usual methods becomes 
even more difficult, and the calculation 
more involved and tedious thanever. In 
the following discussion a method is pre- 
sented for calculating the low-speed per- 
formance. This method while not abso- 
lutely rigorous, should give results well 
within the limits of variation of individual 
motors of the same design. 


Analyzing the Problem 


The problem may be divided into two 
parts: 


1. The performance of the motor is ob- 
tained when operating with the high-speed 
connection at the lower than normal voltage 
which will give the desired second speed. 


2. If one knows the performance at the 
proper speed with a certain line voltage 
applied, the voltage is calculated which will 


Paper 43-4, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, New York, N. Y. 
January 25-29, 1943. Manuscript submitted 
June 4, 1942; made available for printing October 
20, 1942. 


P. H. Trickery is chief engineer, Diehl Manufactur- 
ing Company, Elizabethport, N. J. 
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be necessary to apply to the total main and 
control winding to give the same speed. If 
this voltage is not equal to the line voltage, 
a different control winding must be designed 


Low-Speed Performance on High- 
Speed Connection 


One procedure to obtain the low-voltage 
performance would be to calculate the 
full-voltage performance at the desired 
second speed such as point B in Figure 4. 
Then if one knows that the fan torque of 
point A varies as the square of the speed 
and that the motor torque of point B 
varies as the square of the voltage, the 
proper voltage to use in calculating point 
could be obtained by simple ratios. 

In actual practice, however, this pro- 
cedure does not always work out so per- 
fectly, partly because of the change in 
saturation factor with lower voltage, but 
mainly because the friction does not drop 


OPEN 


Low-voltage operation on high- 
speed connection 


Figure 1. 
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off with voltage, the torque which should 
equal point C very often is a little more or 
less, and a third calculation must be made. 
It has been found advantageous to esti- 
mate the voltage for point C with its 
corresponding saturation factor. It is 
usually found that the torque is so close to 
point C that in one more trial the per- 
formance at point C is determined, and 
thus the result is obtained in two trials 
instead of three. 

Another and sometimes more conven- 
ient method to obtain the low-voltage 
low-speed performance is by actual test. 
The common fan-load test with variable 
voltage known as the fan saturation test 
gives the performance of the motor and 
blade at various voltages and speeds. 
It makes no difference to the second part 
of this problem whether the low-voltage 
low-speed values are obtained from, test or 
calculation. In fact, the calculation 
sheet shown in Figure 3 shows an approxi- 
mate method for use when the test does 
not have phase readings. 


Low-Speed Performance on Low- 
Speed Connection 


With the low-voltage performance as a 
foundation, it is now possible to calculate 
the performance on the low-speed connec- 
tion at the same rpm. With the speed 
set, the voltage necessary to drive the fan 
at this speed is calculated, and the current 
and input are obtained. If this voltage 


Full-voltage operation on low- 
speed connection 


Figure 2. 
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Figure 3. Example calculation 
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a Or 
FULL VOLTAGE 


TORQUE 


Figure 4. Motor and fan speed-torque curves 


E’ is not equal to the line voltage, the 
motor will not drive the fan at the proper 
second speed, and a new control winding 
must be designed. 

Figure 5 shows the combined vector 
diagrams of the two connections when 
operating at the same speed. J, Ig, and 
I, are the currents with the high-speed 
connection and low-voltage E,. The in- 
duced voltage e; in the main winding is 
obtained by subtracting the reactance and 
resistance drops in the main winding due 
to the current J,,. It is assumed that 
this induced voltage will remain the same 
under the low-speed connection if the 
speed is maintained at the same value. 

Since the control winding is placed in 
the main-winding slots, it acts with the 
main winding to form an autotransformer 
as well-as to provide a series impedance. 
It is assumed that the autotransformer 
and motor effects are superimposed on 
each and that the motor provides the 
magnetizing current. Because of the 
transformer action, the new line amperes 
I; will be reduced from J, in the trans- 
former ratio. 


I,=I,/Ks3' 
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where 
K;’ = K3st af 
K3= CRws/CK wm 
CKys = effective series conductors in con- 
trol winding 


CKim = effective series conductors in main 
winding 


Because of the transformer action, the 
main winding carries a transformer cur- 
rent 


Ik=I,—TIs 


The actual current in the main winding /,,’ 
will be a combination of this current J, 
with the main-winding motor current J,,. 


ie = — Ts 


When all the new current values in each 
branch of the circuit are obtained, the 
new low-speed connection line voltage E’ 
may be obtained by adding to e the 
proper impedance drops plus the induced 
voltage e3 in the control winding. 


E’ =C2tTin!timtjlim'X1m test Lats +jlaxs 
e3 = Ko 


The input will differ somewhat from 
W_, the input on the high-speed connec- 
tion, by the addition of the control wind- 
ing copper loss J;? rz, and by the reduction 
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Figure 5. Vector diagram of two-speed 
capacitor motor with open-end control winding 


in the copper loss in the other two wind- 
ings. The main-winding copper loss is 
reduced because of the lower value of the 
current J,,’.. Also due to this reduced 
main-winding current, the capacitor- 
phase terminal voltage FE,’ is less than Fy, 
and with it the capacitor-phase current J,’. 
The capacitor-phase copper loss is re- 
duced accordingly. 

Figure 3 shows a convenient form of 
calculation sheet with an illustrative ex- 
ample. 
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TRANSACTIONS 3 


Analysis of Rating Methods for 


Intermittent Loads 


R. E. HELLMUND 


FELLOW AIEE (Deceased) 


Synopsis: The economics of rating struc- 
tures for electrical equipment from the view- 
points of manufacturing and application are 
considered. Methods for dealing with peri- 
odic load applications are reviewed. The 
present methods have certain limitations for 
some practical applications. An improved 
method for applying motors to load cycles 
where the motor stops and ventilation 
changes in the no-load part of the cycle is 
developed. This method is based on certain 
motor-loss ratios, that is, the relation be- 
tween the losses dissipated with standard 
temperature rise running and at standstill 
and the losses at the nominal or short-time 
rating. It permits the application of service- 
factor or short-time ratings to periodic loads 
with more exactness. Attention is called 
to the wide variations in permissible rms 
current on periodic loads for different loss 
ratios and changes in ventilation on a motor. 


Rating Structures 


ATINGS for intermittent or varying 

loads have recently received con- 
siderable attention*—1° and AIEE Stand- 
ard 1A! is an attempt to clarify and 
rationalize suitable methods for this pur- 
pose. No radically new methods of 
rating are proposed, but some new nomen- 
clature and new viewpoints are intro- 
duced; the report also advocates in- 
creased use of some methods of rating 
which in the past have been applied to 
only a limited extent. 

Naturally there is some hesitation in 
making changes in the rating practice, 
which is justified, because departures 
from well-established methods are likely 
to lead to confusion and expense. On 
the other hand, it must be realized that 
any change in practice which results in 
economies appreciably outweighing the 
disadvantages involved will probably be 
made sooner or later. All action of this 
nature should be based primarily on 
economic considerations. Broadly speak- 
ing, the number of rating methods should 
be kept as small as possible but they 
should not be so limited that they prevent 


Paper 43-6, recommended by the AIEE committee 
on electrical machinery and the standards co-ordi- 
nating committee 4 for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
September 23, 1942; made available for printing 
November 2, 1942. 


R. E. HeELLMUND was chief engineer of Westing- 
house Electric and Manufacturing Company, East 
Pittsburgh, Pa., at the time of his death, May 
1942. 


4 TRANSACTIONS 


satisfactory and reasonably economical 
applications of devices under the various 
conditions encountered in practice. 


In making changes in the rating struc- 
ture from an economic point of view, 
serious thought should be giver to what 
such a change really entails. If a new 
rating method requires entirely new lines 
of machines and apparatus different from 
those already in existence and thus inter- 
feres with quantity production, and if it 
furthermore complicates the stock situa- 
tion both at the factory and in the field, it 
is justified only if it leads to decided im- 
provements. On the other hand, if a 
change merely means giving some addi- 
tional data for apparatus already stand- 
ardized, it should not be objectionable. 
Even here it must be realized that the 
additional information means expense and 
complications in listing, merchandising, 
and applying the apparatus. Hence the 
inclination to adhere to the present prac- 
tice of handling most apparatus by means 
of a single continuous rating as far as 
possible is quite natural. In the past, a 
departure from this simple practice has 
in general been made only under com- 
pelling circumstances. An example of an 
extreme case is the rating and application 
of single-phase railway motors? where 
the information given with the rating 
structure entails weeks of expensive tests 
as well as time-consuming methods of 
application. These expenses, however, 
are unquestionably well justified in view 
of the large number of motors of the same 
rating in use and the enormous invest- 
ment involved. Between the extreme 
conditions there is, of course, room for a 
variety of intermediate practices, some 
of which have been used to a limited ex- 
tent, as, for example, the rating structure 
for d-c railway, mill-type, and other mo- 
tors. In deciding whether the use of a 
more complicated rating structure is 
warranted, the expense for securing and 
giving additional rating data as well as 
the advantages derived should be taken 
into account. Frequently the inclusion 
of additional information will result in 
easy and economical application and fully 
compensate for the expense involved. 
The choice of method should also be in- 
fluenced by the existence or lack of well- 
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established practices. If a rating practice 
has been in use for many years and has 
given reasonable satisfaction, a change 
would seem advisable only if the advan- 
tages obtained are appreciable. On the 
other hand, where it is necessary to 
establish new rating structures in entirely 
new fields, it seems logical to apply newer 
methods although they have only moder- 
ate advantage over others. In the 
following it is proposed to discuss some 
of the methods recently advocated and to 
point out their limitations; subsequently 
methods are indicated for overcoming 
these limitations and for handling cases 
which do not seem to be covered satis- 
factorily by AIEE Standard 14 and re- 
lated literature. 


Ratings for Intermittent Duty 


AIEE Standard 1A strongly empha- 
sizes the many applications of electrical 
machines and apparatus where a given 
load is carried for sustained periods or 
repeatedly for shorter periods, but where 
there are also light- or no-load conditions. 
The device must be satisfactory for the 
required load in many respects, such as 
regulation, torque characteristics, me- 
chanical strength, and so forth, and it is 
therefore proposed to assign a nominal 
rating corresponding to the load. It is 
also proposed to take advantage in the 
design of the noncontinuous nature of the 
load. 

Two methods are given for such cases, 
namely, the dual or service-factor method 
and the load-cycle method of rating. In 
the first method the nominal rating is 
supplemented by a service factor, which 
is the ratio of the continuous rating to 
the nominal rating and thus indicates 
the continuous rms rating of the machine 
or apparatus. This method, when appli- 
cable, has the advantage of being much 
more flexible in application than the load- 
cycle method. It permits the analysis 
of loads of varying size and time of appli- 
cation, merely requiring that the rms 
load does not exceed the continuous load 
indicated by the service factor. In con- 
trast, the load-cycle method is rather 
inflexible in its present form as its applica- 
tion is limited to a single load cycle, with 
both the amplitude and duration of the 
load for each cycle specified. Therefore, 
this method naturally will be considered 
only where for some reason the service- 
factor method is not suitable. 

Either of the periodic rating methods - 
permits designs smaller than those with 
continuous ratings equal to the proposed 
nominal ratings of the periodic rating 
methods. Thus appreciable economy 
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Figure 1. Curves for equation 3 of Appendix 

1, with loss ratios C and F variable and p=0.5, 

showing permissible rms currents for different 
ratios of running time per cycle 


may be accomplished in view of the 
many applications where continuous 
loads are not involved. However, it is 
highly desirable to obtain this economy 
without creating entirely new lines of 
ratings. This can be done by using the 
standard short-time ratings®>* wherever 
they exist. These ratings cannot carry 
the nominal rated load continuously but 
usually are suitable for service-factor or 
load-cycle ratings. To get a service- 
factor rating, or to indicate the load dura- 
tion and the percentage of the total time 
during which the nominal load can be 
carried to obtain a load-cycle rating, it 
is then merely necessary to supplement 
the short-time or nominal rating with the 
service factor. Even where no short- 
time ratings are available and new ratings 
have to be established, it seems desirable 
to make designs which are suitable for 
two or more of the rating methods, such 
as short-time, service-factor, and load- 
cycle ratings. 

Unfortunately the service-factor 
method, which is flexible in its application 
to a great variety of load conditions, is not 
always applicable. It is based on a single 
rms value applying for a constant condi- 
tion of cooling, which results in limita- 
tions under certain conditions. 

For example, when a device cannot 
carry any load continuously without over- 
heating, it is obviously impossible to give 
a service factor. This is frequently the 
case with enclosed machines or other 
enclosed apparatus where the core and 
similar losses, if prevailing continuously, 
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I, with loss ratios C and F variable and p= 
0.333, showing permissible rms currents for 
different ratios of running time per cycle 


cause temperature rises in excess of those 
permissible for continuous operation. 
Such devices can be and frequently are 
used to good advantage on intermittent 
loads where no core or similar losses 
occur during idle periods. (In a few 
cases, such as series d-c motors where 
the speed varies and the operating volt- 
age ranges between zero and rated 
voltage, an rms rating can at times be 
given at a reduced voltage corresponding 
to the average operating voltage and a 
modified application of the service-factor 
method is possible.) 

Again, when the ventilation during the 
on and off periods of a load cycle changes 
materially, making the resultant effective 
ventilation appreciably less than the 
ventilation prevailing during the tests 
with the continuous load current, the 
service-factor method cannot be readily 
applied. Motors which stand still during 
the no-load periods, with an appreciable 
reduction in ventilation, are an illustra- 
tion of this. 

When the heating or other operating 
limitations of devices are not entirely a 
function of the rms current, the service- 
factor method is not very suitable. For 
example, in electronic tubes the safe out- 
put is influenced by many different fac- 
tors but only to a negligible extent by the 
rms load, and therefore the rms load can- 
not be used as a correct indicator of 
permissible load. 

In these cases and possibly others, the 
load-cycle method of rating may have to 
be considered, and it would be of advan- 
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Figure 3. Curves for equation 3 of Appendix 

I, with loss ratios p and C variable and F=0.3, 

showing permissible rms currents for different 
ratios of running time per cycle 


tage to find ways of making this method 
more flexible. One possible way is to 
assign to a given device, in place of a 
single load-cycle rating, a number of 
different load-cycle ratings®!° in such a 
way that intermediate applications can 
be handled by interpolation. This 
method has been used with electronic 
devices for applications, such as spot 
welding, and is giving satisfactory results 
in practice. Although the assignment of 
a number of ratings naturally introduces 
complications, in this case the necessary 
interpolation can be readily and quickly 
made and, in fact, takes less time than 
the calculation of the rms or average 
currents. In other words, the extra ex-° 
pense for establishing several ratings is 
compensated for by time saved in apply- 
ing the device. 


Periodic Loads on Motors 


Unfortunately, a similar practice for 
motors is almost out of the question. An 
acceptance test for a load cycle during 
which the motor must be started and 
stopped repeatedly is difficult because of 
temperature measurement and the neces- 
sity of properly adjusting the load to the 
desired value during each cycle. Fair 
results can be obtained where the operat- 
ing period is reasonably long, but serious 
difficulties are encountered in short load 
cycles, which are more common in prac- 
tice. Therefore an entirely different 
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method of attack seems desirable. In a 
previous paper’, a method permitting 
certain load-cycle tests with relatively 
long operating periods on standard short- 
time rating motors was outlined. Meth- 
ods were indicated whereby data ob- 
tained from such tests could be utilized 
to derive results for load cycles of short 
duration. In the following a simpler 
method applicable with short load cycles 
is suggested. 


The Loss-Ratio Method 


Basically, the temperature rise of a 
motor is determined by the losses and 
the ability of the motor to dispose of 
them. This ability is obviously much 
different when the motor is at rest than 
when running. Consequently it seems 
almost hopeless to devise proper methods 
of application without some knowledge of 
the losses and the ability of the motor to 
dispose of heat during each of the widely 
different conditions of operation. Fur- 
thermore, with this knowledge, applica- 
tions can be readily made for any motor 
having a short-time or any other nominal 
rating. The essential quantities are: 


1. The constant losses (core and so forth) 
at the nominal rating =L, 


2. The variable losses (copper and so forth) 
at the nominal rating=L, 


8. The continuous losses permissible for 
standard temperature rise! at rated speed = 
L, 


4. The continuous losses permissible for 
standard temperature rise at standstill=ZL, 


Values for the first two items are always 
available from the efficiency determina- 
tion of the machine. With a service- 
factor rating, the value for the third item 
can be readily calculated from items 1 and 
2 by use of the service factor (equation 
4, Appendix I). If no service-factor 
rating is available, the information for 
item 3 can be obtained from a continuous 
run at reduced voltage and load giving 
standard temperature rise. Preferably 
the ratio between constant and varying 
losses during this test should be the same 
as at the nominal rating. The informa- 
tion for the fourth item can be obtained 
by a-continuous test run with the motor 
at rest, at a voltage low enough to again 
result in the standard temperature rise. 
Then by means of the simple algebra of 
Appendix I, any desired load-cycle condi- 
tion can be calculated. Formula 2 gives 
the load current which can be carried for 
any value of running time per cycle, and 
formula 3 indicates the rms current for 
the entire load cycle corresponding to the 
load current of formula 2. Figure 1 shows 
curves indicating the value of the per- 
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' for practical use. 


missible rms current for cases where the 
constant losses and varying losses are 
equal at the nominal rating (p=0.5). 
Figure 2 shows similar curves for applica- 
tions where the constant losses are one 
third and the varying losses two thirds of 
the total losses at the nominal rating 
(p=0.33). It will be noted that the per- 
missible rms current for the different 


ratios varies over very wide ranges, which 


confirms the fact that inexact methods are 
not likely to give very satisfactory re- 
sults. Also, it is evident that the basic 
factors considered in the present method 
should be known to make reasonably 
accurate calculations possible. 


Figure 3 again shows values for the rms 
current for a constant ratio of permissible 
continuous losses standing and running 
(F=0.3). Different ratios (p) for con- 
stant to total losses at nominal rating and 
different ratios (C) for permissible con- 
tinuous losses running to total losses at the 
nominal rating are used. A number of 
curves of this character, each for a differ- 
ent value of 7, seem to be most suitable 
The ratio F is a ma- 
chine characteristic, whereas p and C de- 
pend upon the nominal rating considered. 
Reasonably correct results can be ob- 
tained from such curves by interpolation 
for different values of the various ratios. 
Since the variables used in this method are 
all ratios of losses, this method might be 
referred to as the “‘loss-ratio method.” 
It is applicable directly to existing short- 
time ratings as well as to service-factor 
ratings, and it therefore obviates the 
necessity for separate and distinct lines 
of additional ratings. 

In a previous paper® dealing with load- 
cycle ratings, a factor (S3) was intro- 
duced to cover motors standing still dur- 
ing no-load periods. The formulas given 
were based on a factor (f), intended to 
make allowance for reduced ventilation 
and the absence of core losses at stand- 
still. These two effects influence results 
in opposite directions, and thus factor f 
depends upon the difference of two quan- 
tities. Since in practice each of these 
effects varies over wide ranges, the re- 
sultant difference is erratic, making it al- 
most impossible to deal with uniformly 
consistent values for f (see discussion of 
paper, reference 8). Formula 5 of Appen- 
dix I gives the same factor (S3) in terms 
of the loss ratio F. With the method now 
proposed, factor / depends only upon the 
change of ventilating conditions and 
hence is likely to be fairly uniform, or at 
least quite consistent for a given type 
and line of machines. Therefore the 
present method will yield reasonably 
correct results even if test data for the 
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value F are not available for all sizes of a 
line of motors. 

The calculations outlined above deal 
with the total losses and neglect the fact 
that hot-spot temperatures are influenced 
to some extent by the distribution of the 
losses in various parts of the machine. 
This can be taken into account by allow- 
ing a slight factor of safety in applying the 
motors. It is also evident that the pre- 
vious considerations apply more particu- 
larly to a-c induction motors, the type 
most universally used. For the different 
conditions prevailing in commutator- 
type motors, certain modifications will 
be necessary; for series motors in particu- 
lar, more complicated methods of appli- 
cation such as used for d-c railway motors 
may be in order. 

These calculations apply directly to 
applications where the load cycles are 
rather short and where the temperature of 
the machine does not vary materially 
during the cycle, the applications most 
common in practice. For relatively long 
load cycles or for load cycles very un- 
evenly distributed, the methods pre- 
viously outlined* for the service-factor 
method can be used, or the factor S, 
given there can be applied to the method 
outlined here. In other words, the factor 
S2 can be used to give the relations be- 
tween short- and long-cycle applications 
regardless of whether the service-factor 
rating is given. When no service factor 
is given, the permissible rms current is 
obtained from formula 3, Appendix I, for 
short-load cycles. By multiplying this 
value by the factor S, (Figure 7 of refer- 
ence 8), permissible rms values for longer 
load cycles involving appreciable tem- 
perature changes can be obtained. Thus 
the loss-ratio method is applicable to both 
types of periodic duty cycles involving 
standstill during the no-load period, a 
condition for which other methods have 
limitations. 


Appendix |. Determination of 

Permissible Periodic Load Cycles 

for Motors by the Loss-Ratio 
Method 


Let 
L=total losses at the nominal rating cur- 
rent J 
L,=constant (core and so forth) losses= 
pL 


L,=variable (copper and so forth) losses = 
(1—p)L 

L,=continuous losses at rated speed for 
standard temperature rise 

Ls=continuous losses at standstill for 
standard temperature rise 
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bp = CL where C=L,/L 
= FL,=CFL where F=L,/L, 
=total time per cycle 


T,=kT=running time per cycle 


For any value of k, the losses which can 


be dissipated during the total cycle must 


equal the losses produced by a certain load 
current (7%) during the running part of the 


cycle. 
Therefore 
s : 2 
ieee T.(l—k) -14+(*) Lyk (1) 


_ Introducing the loss ratios p, C, and F 
and solving 


: 1 CF 
=I wg (c-0- cr) (2) 


The rms current for the entire cycle cor- 
responding to the periodic current (7x) is 


For a motor with a service-factor rating, 
let 


Si=service factor 
t=continuous rating current 
Ss=ratio of rms current to continuous 
rating current 


Then 
L,=pL+Si(1—p)L (4) 
Also 


Ty =1.+ (5) 


from which 


t=] oP 
L—p 
Then 
k CF 
—t/t— Cc (c-p-cr+ =) (5) 
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A New Type of Adjustable-Speed Drive 
for A-C Systems 


- A.G. CONRAD 


MEMBER AIEE 


Synopsis: This paper describes the theory 
and characteristics of a new type of poly- 
phase adjustable-speed motor and its con- 
trol circuit. The system provides an a-c 
drive that has characteristics comparable 
to those of the Ward Leonard system used 
on direct currents. The control circuit 
provides starting as well as speed adjust- 
ments from 0 to 100 per cent of rated value. 
The power factor of the motor is either lead- 
ing or very close to unity over its operating 
range, and consequently the efficiency is 
high. Low costs of this type of motor and 
its control system, the large speed range, the 
facility for rapid reversal by regeneration, 
and its high starting torque make it suitable 
for some industrial applications. 


TTEMPTS to adapt d-cshunt motors 

for use on alternating currents have 
been unsuccessful because of the difficulty 
in producing a flux that is in time phase 
with the armature current. In order to 
obtain a high power factor and a large 
torque, such a motor would have its arma- 
ture current under load inphase or ap- 
proximately inphase with both the arma- 
ture voltage and the air-gap flux. These 
conditions are unattainable in the a-c 
shunt motor. When the field and arma- 
ture are supplied with the same voltage, 
the phase of the field current is approxi- 
mately 90 degrees behind that of the 
voltage. The flux produced by the field 
is approximately in quadrature with the 
armature voltage. The armature current 
is more nearly inphase with the armature 
voltage, and consequently it cannot be in- 
phase with the flux. In addition to this 
the generated voltage produced by rota- 
tion of the armature in the field is ap- 
proximately 90 degrees out of phase with 
the applied voltage instead of being di- 
rectly opposed to it as in a d-c motor. 
Consequently the armature current is 
limited largely by the impedance of the 
armature, and speed has little effect on 


this current. Thus the single-phase 
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shunt motor used on alternating current 
will take very large currents at all loads, 
and, since changes in generated voltage 
have little effect on this armature current, 
increases in load will cause large reduc- 
tions in speed. The speed regulation of 
such a motor is objectionably high, 

The undesirable features referred to 
above can be overcome by adapting the 
motor for use on polyphase systems in a 
manner such that the voltage applied to 
the field is approximately at right angles 
in time phase with respect to the armature 
voltage. Under such conditions the in- 
ductive effect of the field will cause the 
air-gap flux to be approximately inphase 
with the armature voltage. The gener- 
ated voltage in the armature due to rota- 
tion will oppose the applied voltage, caus- 
ing the motor to behave very much like a 
d-c shunt machine. Thus in Figure 1, if 
the field and the armature of a motor are 
supplied from separate phases of a two- 
phase system, the motor would take a 
small armature current at no load and an 
increased current when load is applied. 
The armature current would be out of 
phase with the armature voltage, and, 
because of the large armature impedance, 
the speed regulation would be similar to 
that of a shunt motor with a large resist- 
ance in its armature circuit. 


The Motor and Its Circuits 


Objections to the two-phase motor 
shown in Figure 1 can be overcome by 
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Figure 1. The motor supplied with two-phase 
voltages and its vector diagram 


3- PHASE 
SUPPLY 


Eab 
Ea Eb 
Figure 2. The motor supplied with three- 
phase voltage and the voltage vectors 


proper design of the motor and by supply- 
ing the field with a voltage that is in 
proper phase relationship with respect to 
the armature voltage. The armature 
should be designed with the lowest value 
of impedance practicable. This requires a 
compensating winding on the stator which 
can be connected either in series with the 
armature or short-circuited—the latter 
connection produces inductive compensa- 
tion. The voltage applied to the field 
should be shifted in time phase with re- 
spect to its quadrature position shown in 
Figure 1, so that the time phase of the air- 
gap flux is slightly behind the armature 
applied voltage. This shift is essential in 
order that the power factor of the motor 
be kept high and can be accomplished in 
the circuit shown in Figure 1 by connect- 
ing the field across the points a and x. 

The methods of obtaining this slight 
shift of voltage on polyphase systems are 
numerous. The requisite voltages for 
field and armature referred to above can 
be obtained from a three-phase supply by 
use of the circuit shown in Figure 2, The 
motor has an armature similar to that of 
an ordinary repulsion motor. The com- 
pensating winding is placed on the stator 
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in such a position as to neutralize the flux 
produced by the armature ampere turns. 
The main field winding is placed on the 
stator and is spaced 90 electrical degrees 
with respect to the compensating winding. 
Three-phase voltage is supplied at the 
points a, b, and c, and an adjustable trans- 
former is connected between b and c. 
The motor armature can be supplied with 
all or any portion of the voltage between 
the points b and c. 
obtained by adjustment of this armature 
voltage. The field winding is connected 
between line a and point x on the adjust- 
able transformer. The field winding acts 
as a transformer in making essentially a 
three-phase to two-phase transformation 
of voltages. This differs from the ordi- 


Figure 3. The complete vec- 
tor diagram of the motor 


nary Scott connection in that the point x 
is not exactly midway between b and c. 


Theory of the Motor 


The theory and operation of the motor 
connected as in Figure 2 can be explained 
on the basis of its vector diagram shown in 
Figure 3. This is the diagram for a two- 
horsepower motor constructed in accord- 
ance with the required features described 
above. The field voltage is shown as the 
vector H,, and for this particular case it is 
almost perpendicular to the armature 
voltage vector H,. The phase angle be- 
tween these voltages can be changed by 
moving the tap x on the control trans- 
former. In the analysis presented here it 
is assumed that the armature and field 
voltages remain constant and fixed in 
direction for all values of load and that 
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Selection of speed is — 


the impedance of the control transformer 
is negligible. 

When voltage is supplied to the field 
of this motor, the back electromotive © 
force in the field is produced by a resist- 
ance drop, a drop due to the mutual flux 
that cuts the armature and the field con- 
ductors, and a drop due to the leakage 
flux which cuts the field winding but not 
the armature. The vectors representing 
these voltages are shown in Figure 3. 
The voltage applied to the field is Hy, the 
leakage-reactance voltage dropis J,X,, and 
the voltage produced in the field winding 
by the mutual flux is E,’. The mutual — 
field flux that generates the voltage EZ,’ in 
the winding is represented by the vector ¢. 

If the armature voltage E, is applied 
while the rotor is held stationary, the 
armature current will be limited by the 
equivalent resistance and reactance of the 
armature circuit. The equivalent resist- 
ance R, is determined by the effective 
resistance of the armature circuit plus the 
resistance of the compensating winding 
reflected to the armature; whereas the 
equivalent reactance X, is determined by 
the closeness of coupling of the compen- 
sating winding to the armature. Thus 
the blocked-rotor armature current J, is 
equal to the voltage E, divided by the im- 
pedance Z, of the armature circuit, where 


Zq= Ro*+X.? 


The current J,, shown in Figure 3, lags 
the armature voltage by the angle 8 where 
pea ieare® F 

Zo 
8 is also the angle between the voltage 
I,Z, and the current J,, where J, is the 
armature current for any value of load 
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Figure 4. Speed-torque curves of the motor 
for different values of armature voltage 
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Figure 5. Power-factor curves for different 


speed settings 


The current J,, acting on the flux ¢ 
produces torque. If the motor is allowed 
to rotate, a counterelectromotive force 
similar to the back electromotive force in 
a direct-current motor will be generated. 
This generated voltage E, will have the 
same time phase as the flux @, since it is 
proportional to the product of the flux and 


‘speed. Therefore the generated Voltage 
vector E, is parallel to the flux vector ¢, 
_ and the magnitude of E, is proportional 


to the speed of the motor if the flux is con- 
stant. The sum of the voltages in the 
armature circuit must equal the applied 
voltage, or expressed as an equation 


IeZa+E,=Ea 


In this relationship the voltage E, has a 
fixed direction but can change in magni- 
tude as explained above; however the 
voltage E, is constant in both direction 
and magnitude as assumed. Therefore 
the term J,Z, has a variable direction and 
magnitude such that the above equation 
is satisfied. 

For an increase in speed, the magnitude 
of the vector E, in Figure 3 increases 
along the dotted line fd—this line is 
parallel to the flux vector y. The ter- 
minus of the vector J,Z, must always lie 
along the dotted line fd in order that the 
vector sum of J,Z, and E, be equal to the 
vector E,. Thus the extremity of the 
vector J,Z, has the straight line locus fd. 
Since the changes in the brush resistances 
are small over the operating range of the 
motor, the armature impedance Z, is 
essentially constant. The armature cur- 
rent J, is proportional to /,Z,; therefore, 
the terminus of the vector J, also follows a 
straight-line locus in the same manner as 
the vector [,Z,. The locus of J;, shown 
as the dotted line gh in Figure 3, is dis- 
placed from the line df by the impedance 
angle 8. The vector /,Z, must lead the 
armature current vector by the imped- 
ance angle 8. 

The power developed is equal to the 
projection of EZ, on I, multiplied by Ja, 
and the copper loss in the armature circuit 
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Figure 6. Efficiencies for different speed 
adjustments 


is equal to the projection of J,Z, on Ig 
multiplied by J,. At no load the de- 
veloped power is small, therefore the 
current vector J, is approximately perpen- 
dicular to the vector E,. For the condi- 
tion of no load the armature current J, as 
shown by the vector diagram is leading 
the applied voltage E,. When the ma- 
chine is loaded, there is a slight reduction 
in speed and consequently a reduction in 
the magnitude of the vector E,. This 
change in E£, causes a change in the mag- 
nitude and direction of the vector I,Z,— 
such that its extremity moves along its 
locus df. This clockwise shift of the vec- 
tor [,Z, is associated with an equivalent 
shift in the current vector J,. The locus 
of the terminus of the vector J, is gh. 
Thus an increase in load is associated with 
a reduction of speed. The torque sup- 
plied to the shaft is represented by the 
projection of the current vector J, on the 
flux vector ¢ (Figure 3). Expressed as an 
equation 


T=K¢lIq cos (a+4) 


where @ is the power-factor angle of the 
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Figure 7. Armature-current curves for dif- 
ferent speed adjustments 
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Figure 8. Circuit for reversing drive 


armature circuit. This angle @ is con- 
sidered plus for leading power factors and 
minus for lagging power factors. The 
factor K is a constant and a is the angle 
between the flux vector ¢ and the voltage 
vector E,. 


Performance 


Experiments conducted on a motor sup- 
plied as shown in Figure 2 reveal that the 
characteristics predicted from the vector 
diagram of Figure 3 check the perform- 
ance characteristics of the motor, The 
speed-torque characteristics of this motor 
with different values of impressed arma- 
ture voltage are shown in Figure 4. 
These speed-torque curves are straight 
lines and are parallel. For the high-speed 
setting the speed regulation of the motor 
is approximately nine per cent. These 
speed-torque curves indicate that the 
motor has an extremely high starting 
torque. Selection of speed can be ac- 
complished by adjusting the armature 
voltage E,. The power factor of the 
armature circuit for different speed set- 
tings is shown in Figure 5. The corre- 
sponding efficiency and armature current 
curves are shown in Figure 6 and Figure 7 
respectively. 

Since one of the three-phase lines to the 
motor carries only field current, while 
each of the other two lines carries the 
transformed armature current and a por- 
tion of the field current, the three line 
currents supplying this system must be 
unbalanced. The extent of unbalance 
for approximate equal intervals of load 
from no load to full load for the perform- 
ance curve 1 of Figure 4 is indicated in 
Table I. 


Additional Control Features 


The motor described here can be easily 
adapted for reversing operation by the 
use of the circuit shown in Figure 8. In 
this circuit one side of the armature is 
connected to the mid-tap of the trans- 
former. The other side of the armature 
can be connected to either side of the mid- 
tap for operation. When connected on 
the right (Figure 8) of the mid-tap, the 
direction of rotation of the motor will be 
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reversed with respect to its direction of 
rotation when connected to the left. 
Thus reversing is easily obtained. 

Other types of transformer connections 
can be used to supply this motor with the 
same terminal voltages as those discussed 
here. Such connections naturally pro- 
vide the motor with the same operating 
characteristics. Field control can be 
added in these circuits, but it usually re- 
sults in poorer motor characteristics. A 
slight amount of saturation in the field 
provides fair speed regulation in the 
motor. Weakening the field will cause an 
increase in speed, but it will also cause an 
increase in the speed regulation. 

If the sliding contact is moved rapidly 
toward the other armature supply tap on 
the adjustable transformer, there will be a 
rapid reduction of the armature voltage 
E,. This causes a reversal of the power 
component of the armature current. The 
machine will act as a generator, and high 
braking action will result. Thus the 
same control apparatus used for starting 
and controlling the speed can be used for 
braking. 


Conclusions 


1. The theory of a new type of adjustable- 
speed drive for use on alternating currents is 
presented here. 


2. The theory is verified through experi- 
ments conducted on a two-horsepower motor 
and its controller. Performance of the 
system was found to be meritorious. 


3. The system provides speed adjustment 
for either direction of rotation. 


4. Thespeed range is from 0 to 100 per cent 
of the rated armature speed. 


5. By proper adjustment the power factor 
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of the motor is leading or close to unity from 
no load to full load. 


6. The controller consists of an adjustable 
autotransformer and can be mounted inde- 
pendently of the motor itself. 


7. High starting torques are available for 
accelerating heavy loads or loads with large 
inertias. 


8. No energy is lost in starting resistors in 
this type of control. The system has 
smooth accelerating characteristics from 
standstill to maximum speed. 


9. Since the armature currents on starting 
are supplied at low voltage, the input cur- 
rents to the system are small, thereby 
eliminating line-voltage disturbances nor- 
mally associated with motor starting. 


10. Rapid acceleration and deceleration 
are provided in the control circuit. 


11. Efficiency of the system is compara- 
tively high. 
12. Simplicity of the control circuit and 
its manifold uses make the unit relatively 
inexpensive. 


18. The unbalance of line currents makes 
its application to large motors undesirable. 
The unbalance produced by small motors of 
this type is not objectionable. 


List of Symbols 


E,a—The voltage applied to the armature. 
E,;—The effective value of the voltage ap- 


Conrad, Smith, Ordung—Adjustable-Speed Drive 


plied to the field winding of the motor- 

E,'—The effective value of the voltage in- 
duced in the field winding by the flux ¢ 
crossing the air gap. 

E,—The effective value of the generated 
voltage in the armature. 

Ia—The effective value of the armature 
current expressed in amperes. 

Iqp—The effective value of armature current 
expressed in amperes when the motor 
is at standstill. 

Iy—Effective value of the field current. 

K—A constant for any particular motor 
involving the total number of turns on 
the armature, the number of parallel 
paths, and the number of poles. 

R,—The equivalent resistance expressed in 
ohms of the armature and compensat- 
ing winding. 

Ry—Resistance of the field winding. 

T—The developed torque of the motor ex- 
pressed in pound-feet. 

x—The point on the adjustable trans- 
former at which the field is connected. 

Xa—The equivalent reactance of the arma- 
ture and compensating winding ex- 
pressed in ohms. 

X,—The effective reactance of the field 
winding expressed in ohms caused by 
the leakage flux that does not cross the 
air gap. 

Za—The equivalent impedance of the arma- 
ture and compensating winding ex- 
pressed in ohms. 

a—The phase angle expressed in electrical 
degrees between the generated voltage 
and the applied armature voltage. 

8—The angle having a cosine that is equal 
to the ratio of the armature resistance 
R, to the armature impedance Zg. 

6—The phase angle or power-factor angle 
in electrical degrees between the im- 
pressed armature voltage Eg and the 
armature current J. 

¢—The total flux per pole crossing the air 
gap expressed in maxwells. 
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New Generator Differential Relay 


. A. J. McCONNELL 
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“BpELAYS have been available for 

years capable of providing selective 
high-speed protection if—and it is a big 
IF—the intelligence transmitted to the 
relay closely approximates the truth.” 
This statement, recently made by a pro- 
tection engineer, is a true statement, the 
import of which is not always fully rec- 
ognized. 

Regarding current supply, there are 
many relay applications for which ortho- 
dox current transformers are quite ade- 
quate. On the other hand, applications 
such as differential relaying require care- 
ful consideration of the current-trans- 
former characteristics. If a high-speed 
differential relay is desired, transient, as 
well as steady-state characteristics must 
be studied. The reason for this is the 
probability of false differential current 
flow occasioned by d-c saturation of a 
current transformer excited by an offset 
current.! 

There has been a gradual improvement 
in the steady-state characteristics of 
current transformers. Also, the transient 
problem has been attacked by increasing 
the size of the core, by inserting air gaps 
in the magnetic circuit,? or by eliminating 
the iron entirely.* By and large, how- 
ever, the major portion of differential- 
relay development has been concerned 
solely with the design of relays capable of 
overcoming the inherent deficiencies of 
standard current transformers. There is 
no better example, in support of this 
statement, than the protection of genera- 
tors against internal faults. 

As of today, what better protection 
could be imagined than the very first 
instantaneous overcurrent relay, con- 
nected differentially, if the currents sup- 
plied to the relay were true representa- 
tions of the actual primary currents? 
Actually, however, there have been at 
least five generator protective-relay de- 
velopments, all concerned with the in- 
adequacy of the current supply. Briefly, 
the chronology has been somewhat as 
follows: 


(a). Time-overcurrent relay connected dif- 
ferentially.45 False current-transformer 
output requires high minimum operating 
current, or long operating time, or both, in 
order to prevent improper relay operation. 


(b). Percentage- or ratio-differential relay 
(relatively slow speed). Such a relay is 
provided with a restraining force dependent 
upon the sum of the currents entering and 
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leaving the zone of protection. During a 
fault external to the protected zone, it 
operates only if one current is a certain per- 
centage above the other (slope). Figure 1, 
curve A, shows the operating characteris- 
tic of one such relay. 


(c). High-speed percentage- or ratio-dif- 
ferential relay. Such relays have had only 
limited success because of the high false dif- 
ferential current possible, as above noted, 
during transient conditions. 


(d). Harmonic-current-restrained differen- 
tial relay.?7 Although transformer and bus 
relays of this type have been successfully 
applied, the harmonic-current-restraint prin- 
ciple has never been extended to generator 
protection because of design limitations at- 
tending the requirements of high sensitivity 
and ability to withstand heavy fault cur- 
rents. 


(e). Relay utilizing both (1) variable ratio 
(variable slope) and (2) the out-of-phase 
relationship between the differential and 
restraining currents during heavy through 
faults’ (Figure 1, curve B) shows a variable- 
slope characteristic with all currents in- 
phase. 


(f). A new differential relay, described 
herein, the restraining force of which is ob- 
tained by means of a principle heretofore 
unused. It restrains in response to the 
product of the currents entering and leaving 
the protected zone, and, consequently the 
new principle is called ‘“‘product restraint.”’ 
In addition, the relay has a slope which is 
variable and which increases very rapidly 
above approximately twice normal current 
(Figure 1, curve C). 


Limitations of Variable Slope 
With Summation Restraint 


In order to appreciate fully the prin- 
ciple, product restraint, it is necessary 


first to consider the limitation of variable’ 


ratio or slope as applied to a relay using 
the orthodox summation restraint. 
Variable ratio or slope, as the names 
imply, signifies that the slope of the 
through-fault operating characteristic 
continuously changes, as shown by curve 
B of Figure 1. In order to be really 
effective, however, the slope should in- 
crease rapidly above maximum full-load 
current of the machine, perhaps as in- 
dicated by curve C of Figure 1. To ob- 


Paper 43-15, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
October 30, 1942; made available for printing 
November 27, 1942. 


A. J. McConnett is with the central station engi- 
neering department, General Electric Company, 
Schenectady, N. Y. 
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tain such a relay characteristic, it is 
apparent that, as the current increases, 
the operating force must become deficient 
relative to the restraining force. How- 
ever, assuming summation restraint, a 
relay with this characteristic could fail 
to operate under certain internal fault 
conditions, For example, if the ‘internal 
fault is fed only by the protected gen- 
erator (that is no external source), the 
restraining and the differential currents 
are identical. Figure 2 shows curves for 
the operating and restraining forces of a 
relay with a variable slope, summation 
restraint, and identical restraining and 
operating currents. For currents above 
the intersection of the curves, the relay 
will fail to operate, because the restraining 
force is in excess of the operating force. 
For simplicity, it was considered that 
the curves of Figure 2 were based upon an 
internal generator fault without an ex- 
ternal source of feed. Actually, the 
danger of failure to operate may be 
greater when there is an external source. 
With equal currents fed from the pro- 
tected generator and an external source, 
the restraining force of a summation 
restraint relay is theoretically zero. How- 
ever, the current from the external source 
may be much greater than the current 
supplied from the protected generator 
(for example: there may be several 
generators on the same bus). Conse- 
quently, the restraining force may be 
much greater when there is an external 


- source than when there is not, and there 


may be a greater possibility of nonopera- 
tion. For example, assume a generator 
bus with four identical generators con- 
nected to it (and no other source of 
power). The total fault current during 
a bus fault is four times the current sup- 
plied by each generator. If the fault is on 
the leads of a generator (within its differ- 
entially protected zone), the differential 
current is four times and the net restrain- 
ing current is twice the respective cur- 
rents for a fault on the generator leads 
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Figure 1. Through-fault operating character- 
istics of three kinds of differential relays 


Restraining and differential currents in phase 
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Figure 2. Torque curves of saturated opetat- 

ing element and unsaturated restraining ele- 

ment (summation restraint illustrating possible 
failure to operate on internal fault) 
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Figure 3. Directions of currents in current 
transformers during external fault 
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Figure 4. Directions of currents in current 
transformers during internal fault 


with no external source. Relative to the 
current at the intersection of the curves 
of Figure 2, doubling the restraining cur- 
rent increases the restraining force to 
four times, whereas increasing the operat- 
ing (differential) current to four times 
increases the operating force by much less 
than four times. Hence, the increase in 
restraining force relative to operating 
force increases the possibility of failure 
to operate when there is an external 
source. 


Product Restraint 


In order to retain the desired through- 
fault characteristic, curve C of Figure 1, 
and yet provide positive operating margin 
during an internal fault, it is necessary 
that the restraining force be greatly re- 
duced, or, preferably, entirely eliminated 
during an internal fault. The latter re- 
sult can be accomplished by restraining in 
response to the product of the currents 
entering and leaving the protected zone, 
rather than to their sum. Thus, during 
an internal fault fed only by the protected 
generator, the restraining force is zero, 
since one of the two terms of the product 
is Zero. 

For a through fault, the relative polar- 
ity of the restraining winding is such that 
the force is in the contact-opening direc- 
tion. For an internal fault, assuming 
that the generator is connected to another 
source of power, the relative direction of 
the fault currents is reversed so that the 
so-called restraining windings will actu- 
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Figure 6. Schematic diagram showing relay 
and auxiliaries for one phase 


ally produce a contact-closing force. 
Thus, the windings which provide the 
restraining force during a through fault, 
produce, in so far as fault current is con- 
cerned, either an operating force or no 
force during an internal fault. 

A somewhat different conception of the 
operation of this relay results if the relay 
is considered to be primarily a directional 
telay. Figure 3 shows that, for an ex- 
ternal fault, the current flow is in the 
same direction in the current transformers 
on opposite sides of the generator winding. 
Figure 4 shows that the short-circuit 
currents in the two current transformers 
are in opposite directions during an in- 
ternal fault. 

If Figure 4 were true under all condi- 
tions, a current polarized directional 
relay, one winding connected to each cur- 
rent transformer, would provide adequate 
protection against internal faults. How- 
ever, there are two conditions during 
which Figure 4 is in error. First, there 
may be no external source, in which case 
the directional relay would fail to operate. 
Second, load current appears to the di- 
rectional relay to be an external fault of 
relatively low current magnitude as in 
Figure 3. If the internal fault current 
is low, the load current may outweigh 
the fault current, thereby preventing the 
current reversal required for relay opera- 
tion. 

In order to provide sensitive operation 
with load current flowing and to permit 
operation when there is no external 
source of power, a differentially con- 
nected overcurrent relay can be added to 
the directional relay, both relays acting 
upon a single shaft. Although it is neces- 
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Figure 7. Three-phase product-restraint dif- 
: ferential relay 


sary that the overcurrent element be 
sensitive in order that low values of short- 
circuit current may overcome the effect 
of load current, it is not necessary that 
the overcurrent element torque ever be 
greatly in excess of the restraining torque 
of the directional element under maxi- 
mum load current conditions. This fact 
permits sharp saturation of the differen- 
tial current circuit, thereby causing the 
relay to be stable during external faults, 
even with the large false differential cur- 
rents which may be present at the higher 
current levels. 


Description of Relay 


The relay unit using the product- 
restraint principle is of the eight-pole, 
induction cylinder construction previ- 
ously described before the Institute.® 
The available poles permit both the 
differential-operating and the product- 
restraining functions to be accomplished 
in a single unit. Although a single relay 
unit is described, it should be understood 
that three such units are required for a 
three-phase circuit. 

Figure 5 shows the locations of the 
various coils on the eight-pole structure. 
The upper three coils, denoted by A and 
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while ‘the! aearet aitce sh C and D pro- 
vide the product restraint. 
Figure 6 shows schematically the con- 
nections of the various coils to the cur- 
rent transformers spanning the protected 
zone. 
_ Figure 6 indicates that the differential 
current is not supplied directly to the 
“upper coils of Figure 5, but, rather, in- 
directly through an autotransformer, 
The autotransformer, which saturates at 
a relatively low current, provides the 
greatly i increasing slope characteristic as 
the through-fault current increases. It 
also permits the use of relatively large 
wire in the differential circuit, thereby 
facilitating testing at the higher currents 
__ without the overheating usually encoun- 
: tered in testing generator differential 
relays. 
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Figure 8. Cross-sectional view of relay back- 
stop 


It will be noticed that a resistor is used 
in the circuit of coils A. This resistor is 
for the purpose of shifting the phase of the 
current in the outer poles to obtain a 
torque-producing component. The neces- 
sary phase shift of the product-restraining 
coils is obtained easily in the relay unit 
itself by means of a flux-shifting copper 
tube. 

Figure 7 shows a three-phase relay, all 
auxiliaries of which are mounted behind 
the relay units. Those familiar with this 
construction will recognize the usual 
bounce-suppressing contact on the left- 
hand side of the upper structure of each 
relay unit. Because of constructional 
similarity, there appears to be a contact 
on the right-hand side also. However, 
the tube or “‘barrel’’ on the right-hand 
side is a new type of backstop construc- 
tion which prevents closing the tripping 
contacts upon the release of a through- 
fault restraining force. This backstop 
has another desirable quality in that it 
acts as a shock-suppressing device. The 
relay can be set as low as 0.1 ampere at 
no load, as indicated by the insert of 
Figure 1. However, for practical pur- 
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poses 0.2 ampere is sufficiently low, and a 
relay calibrated at this value will be safe 
against false operation, even under 
unusual shock conditions, 

Figure 8 shows a cross-sectional view 
of the backstop. Felt pad 4, attached 
to the moving contact arm B, normally 
rests against stainless-steel ball C, which 
in turn is free to roll in race D. The race 
is inclined sufficiently to cause the ball 
to retain the contact arm in the position 
shown under normal conditions with full 
load current flowing. Upon the occur- 
rence of an external fault, the restraining 
torque causes the moving contact arm to 
force the ball to the right, opening the 
contact gap and thereby effectively pre- 
venting the stored energy from causing 
contact closure upon the release of that 
energy when the external fault is cleared. 
Regarding the shock-resistant quality of 
the backstop, consider first the action of 
a solid backstop following a blow from the 
right. The energy of the impact would 
be transmitted, with practically no at- 
tenuation, to the moving contact arm, 
causing it to move to the left, or contact- 
closing direction. With the backstop of 
Figure 8, a blow from the right causes 
race D to move sharply to the left. How- 
ever, since the ball is free to move relative 
to the race, the inertia of the ball causes 
it, together with the moving contact, to 
remain substantially motionless in space. 


Relay Characteristics 


The typical through-fault operating 
characteristic of this relay is that pre- 
viously referred to as the ‘‘desired char- 
acteristic,’ curve C of Figure 1. The 
insert of Figure 1 shows the same curve 
at low current levels and can be used for 
internal faults, the abscissas then indi- 
cating the load currents. Any further 
attempt to depict the internal fault char- 
acteristic would be quite meaningless, 
since, as previously explained, a flow of 
short-circuit current from an external 
source causes an operating force to be 
produced by the so-called restraining 
windings and thereby, in effect, reduces 
the minimum operating current of the 
relay. 

The relay is of the high-speed type as 
indicated by the time-current curve, 
Figure 9. 

The burden of the restraining coils is 
very low, approximately 0.08 ohm total. 
The burden of the operating-coil circuit 
is a variable, reaching a maximum of 65 
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Figure 9. Typical time-current curve of relay 
with restraint corresponding to full load 


ohms. This seems high but is actually 
comparable with, if not less than, the 
burdens of other generator differential- 
relay operating circuits. 


Conclusion 


A generator differential relay has been 
described which approaches the ideal of 
fast sensitive protection equivalent to 
that attainable with perfect current 
transformers. Because the product- 
restraint principle permits a variable 
slope without its usually attendant 
“blind-spot” danger, the relay can be 
applied with a minimum of effort. 

Thus far, the generator differential 
relay is the only relay to which the prod- 
uct-restraint principle has been applied. 
This development was completed before 
December 7, 1941, but further extension 
of product restraint such as to trans- 
former, pilot wire, or bus differential 
relays, must await normal times. 
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An Instrument for the Determination of 


Contact Making and Breaking Time 


WALTHER RICHTER 


FELLOW AIEE 


Synopsis: This paper describes an elec- 
tronic instrument for the measurement of 
the arcing time of a contact closing or open- 
ing acircuit. This measurement is accom- 
plished by permitting a current of constant 
value to flow into a capacitor during the 
time that an arc exists across ‘the contacts 
under observation; the charge accumulated 
on the capacitor is therefore a measure of 
the arcing time. The instrument also con- 
tains electronic means of measuring, the 
charge on the capacitor, by determining 
the voltage existing across it at the end of the 
measurement. The circuit serving this pur- 
pose is a Wheatstone bridge with a tube in 
one arm, to whose grid the capacitor is con- 
nected, and a microammeter in the diagonal 
which indicates directly the amount of un- 
balance produced by the capacitor voltage. 

The application of the instrument to the 
investigation of a three-pole contactor is 
described. 


OR the investigation of contact-mak- 

ing devices such as contactors, relays, 
and snap switches under various load con- 
ditions, a device for the quick determina- 
tion of the operating time of a contact 
seemed desirable. As many investigators 
in the field have found that the making of 
a circuit often represents a harder service 
for the contact-making device, because of 
contact bounce, than the breaking of the 
circuit, the instrument described in the 
following paragraphs was originally de- 
signed to permit the quick measurement 
of the bouncing time of a contact, without 
the need of employing an oscillograph. 

The underlying principle of the instru- 
ment is very simple; a current of constant 
and predetermined value is made to flow 
into a capacitor during the time that the 
contact is being made or broken, that is, 
during the time that an arc exists across 
the contacts. The charge accumulated 
on the capacitor and with it the voltage 
appearing across it are therefore propor- 
tional to the time of arcing, since the 
charge is the time integral of the current 
flowing into the capacitor. 


Paper 43-1, recommended by the AIEE joint com- 
mittee on electronics and the committee on instru- 
ments and measurements for presentation at the 
AIEE national technical meeting, New Work) Ney, 
January 25-29, 1943. Mauuscript submitted 
August 14, 1942; made available for printing 
October 15, 1942. 
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WILLIAM H. ELLIOT 


ASSOCIATE AIEE 


Obviously, mechanical relays cannot be 
used to connect and disconnect the meas- 
uring capacitor to and from a suitable 
charging circuit during the arcing time of 
the contact-making device under observa- 
tion, since the error introduced by these 
relays would be of the same order of 
magnitude as the time to be measured. 
A vacuum tube, on the other hand, is a 
practically inertialess relay and thus 
offers a convenient solution to this prob- 
lem. Furthermore, if a capacitor and a 
tetrode or pentode, properly biased, are 
placed in series across a fixed d-c voltage, 
the current which will flow in this series 
combination, that is, the charging current 
of the capacitor, will remain practically 
constant, as a result of the flat plate char- 
acteristics of these types of tubes, until 
the voltage across the tube has been re- 
duced to a relatively low value. A 
nearly linear relation between time and 
accumulated charge is thus obtained. 


Figure 1 shows that part of the circuit 
which accomplishes the charging of the 
capacitor. Itis seen that the capacitor is 
placed in series with a pentode across a 
suitable d-c voltage. The capacitor is 
by-passed by the meter MM, and the 
normally closed switch S», which is 
opened just before a measurement is 
taken and is kept open only until the 
measurement is completed. The grid 
bias of the pentode consists of voltage 
drops caused by currents flowing in the 
resistors R, and R3, as will be explained in 
more detail later. During the adjust- 
ment of the charging current to a suitable 
value, as well as during the actual arcing 
time, no current flows through R3, and 
the bias voltage consists only of the volt- 
age drop e, across Rj. This voltage is of 
constant value and such that it permits 
plate current to flow, the amount being 
adjustable to any desired value by varying 
the screen grid voltage obtained from the 
potential divider P,. If switch S, were 
opened at this moment the plate current, 
which up to this instant was indicated by 
the meter M4,, would flow through the 
capacitor, charging it linearly with time. 
Switch S; is not opened, however, until 
additional bias, furnished by a current 
flowing through resistor R3, has biased 
this tube beyond cutoff. 
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It now becomes evident that means 
must be provided to maintain a current 
flow through R; sufficient.to bias the 
charging tube to cutoff, except during the 
arcing time of the contacts under observa- 
tion, at which time the current flow 
through R; should be reduced to zero, so 
that the previously adjusted charging 
current will flow into the capacitor, as 
already explained. Furthermore, the in- 
strument should indicate directly the 
charge accumulated on the capacitor dur- 
ing this period. The circuits accomplish- 
ing this are shown in Figure 2. 

A conventional rectifier system fur- 
nishes the necessary d-c voltage; two 
voltage-regulator tubes in series keep the 
supply voltage constant. Previous to an 
actual measurement switch S; is opened, 
which prevents any possible current flow 
through R; and thus permits the adjust- 
ment of the plate current, as outlined 
above. S, is kept closed, of course, dur- 
ing this operation. Consider now the 
two control tubes Vi and V2. Resistance 
Rs is common to both plate circuits. If 
either one of these tubes is made suffi- 
ciently conducting, the current flow in this 
resistance will make point H negative 
with respect to point F, or, in other words, 
the voltage across the control tubes will 
be less than the voltage across Re. With 
switch S,; closed, current will therefore 


Figure 1. Detail of capacitor charging circuit 


V:—6 C6 tube 
C:—0.1-, 0.25-, 0.5-, 1.0-microfarad mica 
capacitor (depending upon desired range) 

Ri—250-ohm 10-watt wire-wound resistor 

R2—5,000-ohm 10-watt wire-wound resistor 

Rs—150,000-ohm 1-watt carbon resistor 

P,—5,000-ohm wire-wound potential di- 
vider 

P:—1,000-ohm wire-wound potential di- 
vider 

M,—0-1-milliampere d-c meter 
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tional bias voltage needed to cut off the 
current in the charging tube. If the cur- 


Tent flow through Ry is reduced to such a 


value that point H becomes positive with 


respect to point F, the current through R; 


ceases, since the diode prevents a reversal 
of current, and the charging tube passes 


the previously adjusted current. 


The contact to be investigated in series 
with a suitable load is connected across a 
d-c source with a polarity as shown in 
Figure 2. A resistor Rio, acting similarly 
to a shunt, is included in the circuit. Its 
resistance should be such as to produce a 
voltage drop of at least 0.25 volt with the 
lowest value of load current. This volt- 
age drop furnishes a negative bias to one 
of the control tubes, whereas the second 
control tube receives a negative grid 
voltage when a voltage exists across the 
contacts. It is evident, therefore, that 
before the contact closes, V7» will be biased 
negatively, whereas V, will have zero grid 
voltage (since no current flows in the 
shunt); V; will consequently be conduct- 
ing, its plate current passing through R,. 
After the contact is established firmly, 
however, V; will become nonconducting 
as a result of the bias produced in the 
shunt, whereas V2 will now become 
conducting. The inclusion of a dry cell 
in the grid circuit of this tube serves to 
overcome any possible effects caused by 
contact resistance. It is seen that during 
the period of arcing both control tubes 
will be biased negatively, Vi by the volt- 
age drop across the shunt and V2 by the 
arc voltage existing across the contacts. 
Current flow through R, is therefore re- 
duced or ceases entirely during the arcing 
period, which in turn permits current flow 
in the charging tube, as explained above. 
Since S; is opened just before a measure- 
ment is taken, a charge will accumulate 
on the capacitor. 


The remaining circuit element serves 
to measure the voltage across the capaci- 
tor. Any device for this purpose—unless 
a ballistic method were to be considered— 
must draw no appreciable current for the 
measurement. An electrostatic volt- 
meter would be the ideal instrument, of 
course, but for the relatively low voltage 
to be measured this type of instrument is 
Special tubes, called elec- 
trometer tubes, such as General Electric 
FP-54 are available, the grid current of 
which is about 10-1 amperes, with a 
corresponding input resistance of about 
1016 ohms. Since a charged capacitor 
will lose its voltage as a result of its own 
leakage resistance, however, it is obvious 
that not much is gained by employing an 
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ode 40° point H. This provides the addi- 
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Figure 2. Circuit diagram of instrument 


V,—6F5 tube 

V.—6F5 tube 

V.—6C6 tube 

V.—38 tube 

V;—6H6 tube 

C.—0.1-, 0.25-, 0.5-, 1.0-microfarad mica 
capacitor (depending upon desired range) 


instrument with an input resistance two 
or three powers of ten higher than the 
leakage resistance of the capacitor and its 
associated circuits. 

Of the common radio tubes, the type 38 
has a grid current of about 10~® amperes 
when operated with a filament voltage of 
four volts and with about 30 volts on the 
screen and plate. This tube is used in the 
instrument forming one arm of a Wheat- 
stone bridge. The rate of change of 
capacitor voltage, caused by the com- 
bined action of leakage and grid current, 
is so low in the instrument that the drift 
of the meter does not exceed one scale 
division in three or four seconds, so that 
ample time for taking a reading is avail- 
able. 

Before a measurement is made, the 
bridge is balanced (that is, meter Mz is 
brought to zero) by adjustment of poten- 
tial divider Ps, which furnishes grid 
voltage for V4. Switch Sis closed during 
this adjustment, of course. The meter 
M, can once and for all be calibrated in 
terms of voltage across the capacitor by 
simply applying known voltages across it, 
keeping S; open during this calibration. 
With the capacity of the capacitor known, 
the charging current adjusted to a known 
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R,—250-ohm 10-watt wire-wound resistor 
R,—5,000-ohm 10-watt wire-wound resistor 
R;—150,000-ohm 1-watt carbon resistor 
Rs—150,000-ohm 1-watt carbon resistor 
R;—100-ohm 0.5-watt carbon resistor 
Rs—110,000 1-watt carbon resistor 
R;—225,000 1-watt carbon resistor 
Rs—One-megohm 1-watt carbon resistor 
R,—100-ohm 0.5-watt carbon resistor 
Rio—Shunt (see text) 

P,—5,000-ohm wire-wound potential divider 
P2—1,000-ohm wire-wound potential di- 
vider 

M,—0-1-milliampere d-c meter 
M,.—0O-200-microampere d-c meter 


value, and the meter M, calibrated in 
terms of capacitor voltage, all factors for 
the calculation of the duration of current 
flow are therefore known. Since the 
measuring circuit is highly degenerative, 
because of cathode resistor R;, the indica- 
tions of the meter M2 are practically lin- 
ear with respect to the capacitor voltage. 
As a matter of interest, it may be stated 
that a capacitor voltage of approximately 
20 volts produces full-scale deflection on 
the 200-microampere meter Mo. 

Since the action of the instrument de- 
pends on the negative bias applied to the 
two control tubes, the contact under 
observation can be tested only with direct 
current. At first sight this might be con- 
sidered as a serious limitation of the in- 
strument. The addition of relatively 
simple rectifying circuits, however, would 
make the use of the instrument on a-c 
circuits possible. This was not deemed 
necessary, or even desirable, for the fol- 
lowing reason: the performance of a con- 
tact in an a-c circuit will naturally depend 
on the exact instant of the a-c cycle when 
the contact opens or closes. Thus, a 
number of readings taken on the same 
contact will vary widely, unless care is 
taken to synchronize the contacts to a 
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particular instant of the cycle. If the 
test is made with direct current, the latter 
can be adjusted to any value, thus simu- 
lating any desired ‘instantaneous’ value 
of alternating current. 

Figure 3 is a picture of the instrument. 
A tap switch not shown on the diagram is 
provided to insert various values of ca- 
pacitance, thus changing the time range 
of the instrument. These values are 1.0, 
0.5, 0.25, and 0.1 microfarad, and, with 
the charging current adjusted to one 
milliampere, full-scale deflection of the 
meter M, represents 20, 10, 5, and 2 milli- 
seconds respectively. These values can 
be increased or decreased, naturally, by 
further changes of capacitance or adjust- 
ment of the charging current to a dif- 
ferent value. 

The instrument has been used success- 
fully in the investigation of relays and 
contactors. The effect of changes made 
in the mechanical structure of the con- 
tactor and the effect of changes in the load 
can be studied quickly without having to 
wait for the development and measure- 
ment of films taken with an oscillograph. 
The instrument can also be used for pur- 
poses other than determining the arcing 
time of a contact. Thus, the operating 
time of relays or solenoids can be deter- 
mined by inclusion of contacts at the be- 
ginning and the end of the travel, furnish- 
ing suitable voltages to the terminals of 
the instrument in place of those produced 
by the shunt or the arc. The measure- 
ment of the L/R ratio of an inductive load 


16 TRANSACTIONS 


Figure 3. Electronic time gauge 


can also be carried out with the aid of a 
relatively simple external circuit. 

A specific example of the use of this 
instrument and the benefits derived there- 
from is the recent investigation of the 
closing bounce of a 1,200-ampere three- 
pole a-c contactor. Observations of the 
bounce were made as each set of contacts 
closed a 100-ampere 115-volt d-c non- 
inductive circuit. The nominal voltage 
of the operating coil was 208 volts, but 
measurements were included at 195 and 
220 volts, so that the effect of voltage 
variations might be ascertained. 

Duration of bounce of the set of con- 
tacts behaving most poorly under the origi- 
nal adjustment of the contactor was 4.8, 
5.6, and 6.4 milliseconds with coil voltages 
of 195, 208, and 220 volts respectively. 

By increasing the initial contact pres- 
sures from the original value to a some- 
what higher one, the respective bouncing 
times were reduced to 2.8, 3.4, and 4.5 
milliseconds. 
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After increasing the wear allowance of 
the two outside sets of contacts slightly, 
setting the middle movable contact ahead 
of the others by one-eighth inch, and clos- 
ing an orifice in the dashpot which allowed 
quick motion at the start of the armature 
stroke, the durations of bounce were 1.2, 
1.4, and 1.7 milliseconds, respectively. 

And, finally, after decreasing the clear- 
ance between the piston and cylinder of 
the dashpot assembly, the bounce dura- 
tions were found to be 0.3, 0.3, and 0.5 
millisecond. . 

Within a few hours time, therefore, it 
was possible to observe the effect of sev- 
eral variables upon the action of the con- © 
tactor and to reduce the duration of clos- 
ing bounce to about seven per cent of its 
original value. To accomplish this by 
means of an oscillograph would obviously 
have required a considerably greater ex- 
penditure of time and effort. 

In another case, it became necessary to 
reduce the time required for a small relay 
to interrupt a circuit. Observations 
were made thereupon of the duration of 
the opening arc both with and without 
blowout assemblies. The arcing time 
without a blowout, for example, was found 
to be 14 milliseconds, with a coil-type 
blowout 7.5 milliseconds, with a tool 
steel magnet blowout 2.6 milliseconds, 
and with an Alnico magnet 2.2 milli- 
seconds. The effectiveness of numerous 
magnet designs was thus readily observed, 
and an educated selection made of the 
most suitable one for the purpose. 
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Correlation of System Overvoltages 


and System-Grounding Impedance 


AIEE COMMITTEE ON PROTECTIVE DEVICES 


Working Group on Correlation of System-Grounding Impedance 


Synopsis: This report summarizes available 


data and engineering opinions on the subject 
of power-system overvoltages, particularly 
as to their correlation with system-ground- 
ing impedance. It is hoped that the report 
will be useful in connection with overvoltage 
problems for all types of power-system ap- 
paratus. 


HE characteristics of power-system 

connections with respect to ground 
have long been recognized as having an 
important bearing on many phases of 
system operation, including overvoltages 
between line conductors and ground.'? 
As early systems (which were of the un- 
grounded type) became extended, oper- 
ating experience became unsatisfactory 
because of the occurrence of multiple 
faults at the same or different locations 
resulting from an initial ground fault. 
Since troubles of this nature were fre- 
quently. thought to be associated with 
arcing faults, such faults became broadly 
classified as ‘‘arcing grounds.” Difficul- 
ties thought to be attributable to this 
type of fault were one of the main factors 
leading to the general practice of ground- 
ing power systems. However, the cor- 
relation of system overvoltages with the 
various forms of grounding and the values 
of grounding impedances was so com- 
plicated that many years elapsed before 
much progress was achieved, and even 
now many conditions are incompletely 
classified. 


Causes of System Overvoltage 


In a study of system overvoltage phe- 
nomena and their correlation with system- 
grounding impedance, it is convenient 
to list the causes. Causes of system over- 
voltage (other than lightning) may be 
classified as follows: 


1. Conditions resulting in sustained over- 
voltage: 
(a). Increase of operating voltage level. 


Paper 43-5, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national’ technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
October 26, 1942; made available for printing 
November 2, 1942. 


Personnel of working group: W. W. Lewis, chaitr- 
man; J. R. Eaton, R. D. Evans, P. A. Jeanne, 
J. W. Milnor, H. A. Peterson. 
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(b). Generator overspeed, 

(c). Self excitation. 

2. Circuit unbalances: 

(a). Open phase or phases. 

(b). Unequal pole opening of breakers. 
(c). Fuse blowing. 

3. Faults: 

(a). Solid. 

(b). Resistive. 

(c). Arcing with forcing of current zero. 
(d). Arcing with restriking. 

(e). Distortion from saliency effects. 

4. Switching operations: 

(a). Simple. 

(0). Arcing with forcing of current zero. 
(c). Arcing with restriking. 

(d). Neutralinversion. 

5. Extraneous influence from other sources: 


(a). Conduction, metallic cross or ground 
potential, from other power circuits. 


(6). Induction, magnetic or electric, from 
other power circuits. 


(c). Electrostatic charging of ungrounded 
systems by wind-borne particles, such as 
sand or dust. 


Frequently overvoltages result from 
combinations of two or more of the fore- 
going factors. In order to define the 
various causes of system overvoltages, a 
brief discussion of each type of phenome- 
non is given. 


CONDITIONS RESULTING IN SUSTAINED 
OVERVOLTAGE 


On ordinary power systems overvolt- 
ages at fundamental frequency may be 
produced by: 


(a). Increase of operating voltage level. 
(b). Generator overspeed from loss of load. 


(c). Self excitation of machines. 


Five per cent tolerance for emergency 
operation is the maximum overvoltage 
above rated circuit voltage recognized 
by the joint committee on preferred volt- 
age ratings of the National Electrical 
Manufacturers’ Association and the Na- 
tional Electric Light Association.* Ap- 
plication procedures for standard rated 
apparatus are based on this maximum 
circuit voltage. Sustained overvoltages 
generally are, under normal conditions, 
of little importance in regard to voltage 
stress on apparatus and functioning of 
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protective equipment, but they may be- 
come important during or following an 
abnormal condition, such as produced by 
a lightning discharge or fault to ground. 


It is believed that generator overspeed- 
ing and loss of load as single factors with- 
out faults or unbalances will seldom give 
rise to dangerous overvoltages. How- 
ever, overspeeding may be a contributing 
factor, especially if it occurs during 
ground faults. The voltage amplitude is a 
function of governor characteristics: and 
of means for controlling the excitation. 
With water-wheel generators without 
regulation of speed or excitation, the 
maximum voltage may be as high as 160 
to 180 per cent of normal under full-load 
rejection; whereas with machines under 
control of modern governors and genera- 
tor voltage regulators, the voltage will 
probably be limited to 120 to 140 per 
cent of normal. 


Self-excitation is an infrequent source 
of overvoltage on systems. It can occur, 
however, under abnormal circuit condi- 
tions which leave relatively small syn- 
chronous or induction machines con- 
nected to circuits with relatively large 
capacitance, supplied from lines or capaci- 
tors. The possibility of setting up the 
conditions for self-excitation should be 
considered in the various stages in the dis- 
connection of faulted circuits. 


Sustained overvoltages under unbal- 
anced load conditions may also be pro- 
duced by saliency effects in machines.‘ 
Solid faults, other than balanced three- 
phase, sometimes cause the generation of 
dangerously high harmonic overvoltages 
in addition to increased fundamental- 
frequency voltages. These overvoltages 
are obtained when the system electrical 
constants and loads are of such propor- 
tions as to provide partial resonance to 
one of the lower harmonics. Magnitudes 
of overvoltage of this type depend not 
only on the type of unbalanced fault and 
the method of grounding but on other 
system constants as well. Such phenom- 
ena are most frequently encountered on 
systems with water-wheel generators 
without adequate damper windings, under 
conditions in which the machines are 
connected to unloaded or lightly loaded 
transmission lines with appreciable ca- 
pacitance and subjected to unbalanced 
faults. 


Circuir UNBALANCES 


On three-phase power systems the 
opening of one or more phase conductors 
will, under some circuit conditions, pro- 
duce large overvoltages between line 
conductors and ground. These voltages 
are normally observed on the part of the 
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system which is partially separated from 
the main power source, under conditions 
with circuit constants such as to provide 
approximate resonance at fundamental 
frequency for some path between line 
conductors and ground. In general, 
these voltages are encountered on iso- 
lated-neutral systems or on systems 
having relatively high impedance between 
phase conductors or between phase con- 
ductors and ground. These circuit unbal- 
ances may arise from open-phase opera- 
tions, such as occur as a result of con- 
ductor breaking, fuse blowing, or the 
opening of one or more breaker poles. 
Extreme conditions are produced with 
two synchronous systems which are out 
of step but are connected on one phase, 
the highest voltages being produced with 
both of the systems ungrounded and one 
of them subjected to a line-to-ground 
fault on either of the other two phases. 


FAULTS 


Faults cause the most frequently en- 
countered and usually the most impor- 
tant power-system overvoltages. When 
a balanced three-phase system is sub- 
jected to a single or double line-to-ground 
fault, overvoltages may be produced on 
the unfaulted phase or phases. The 
amount of overvoltage may readily be 
calculated if the system constants, in- 
cluding nonvariable fault resistances, are 
known. If the fault takes place through 
an arc, the overvoltages may be increased 
by two phenomena: 


1. The forcing of current zero. 
2. Restriking. 


Both of these phenomena are discussed at 
length subsequently. 


SWITCHING OPERATIONS 


Transients resulting in overvoltages of 
important magnitudes are produced by 
simple circuit changes involving a single 
transition from ‘‘make’’ to ‘‘break’’ or 
vice versa, as may occur on the energizing 
or de-energizing of a line section. Circuit 
changes may produce unbalances and 
thus result in overvoltages resulting from 
both unbalances and circuit changes. 
When circuit changes take place through 
an arcing path, there is also the possibility 
of increasing system overvoltages through 
the action of ‘forcing current zero” or of 
restriking as mentioned previously in 
connection with arcing faults. Since 
switching operations can take place in 
many ways in opening or closing the 
several poles of the circuit breaker, and 
since many transients may be produced 
for each of these steps, many combina- 
tions are possible. Switching operations 
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are normally encountered in combination 
with other factors including faults and 
circuit unbalances, so that such transient 
overvoltages are usually the result of a 
combination of several factors. 


EXTRANEOUS INFLUENCE 


Occasionally a circuit is subjected to 
voltages which are impressed by conduc- 
tion from metallic cross or ground-poten- 
tial effects or by electric or magnetic 
induction from an adjacent power circuit, 
usually of higher voltage and capacity. 
Electrostatic charging of conductors 
during sand, dust, and sometimes snow 
storms, occurs in some regions. These 
effects are readily studied in a particular 
case if this cause of overvoltage is rec- 
ognized. 


Correlation of Overvoltages With 
System-Grounding Impedance 


The various types of system over- 
voltages when appearing separately can 
be correlated with system-grounding im- 
pedance, except those that produce over- 
voltage under balanced conditions, such 
as emergency operating voltage, sudden 
loss of generator load, self-excitation of 
machines, and saliency effects (on line-to- 
line faults). However, in specific cases 
each of these types can be so correlated 
when the overvoltage occurs in combina- 
tion with a fault to ground or other un- 
balances with respect to ground. 

For correlation with system-grounding 
impedance, it is convenient to use a 
different classification from that just used 
for listing the causes of system over- 
voltage, basing the classification upon the 
type of transient phenomenon involved: 


1. Simple circuit changes: 

(a). Ground faults. 

(6). Switching operations. 

2. Complex circuit changes through arcing 
paths: 

(a). Forcing current zero. 

(b). Restriking arcs. 


By a “simple circuit change” is meant 
a single circuit change that takes place 
with abrupt transition from ‘circuit 
open” to “circuit closed” condition or 
from ‘“‘circuit closed” to ‘“‘circuit open” 
condition, the opening taking place at a 
“normal current zero.’’ By a ‘‘complex 
circuit change’’ is meant one that takes 
place through an arcing path which intro- 
duces additional circuit voltage transients 
either by 


1. Forcing current zero. 


2. Re-establishment of a conducting path 
as with intermittent arcs. 
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Complex circuit changes in general in- 
volve the superposition of a second tran- 
sient before the effect of the first transient 
has disappeared. 


SrmpLE CrrcuIT CHANGES 


Calculation of Fundamental- Frequency 
Overvoltage 


The simplest and most important, al- 
though not necessarily the most severe, 
types of system overvoltage produced ona 
power system occur as the result of the 
application of a single or double line-to- 
ground fault on a normal balanced three- 
phase power system. Upon such an 
occurrence, the sound phases may rise to 
fundamental-frequency overvoltage with 
respect to ground as determined by the 
sequence impedance constants of the 
system. In addition, there is a transient 
term which, in simple systems without 
loss, is equal to the difference between the 
fundamental voltages before and after 
the application of the fault. The funda- 
mental-frequency components of over- 
voltage are of controlling importance in 
lightning-arrester applications, and the 
ratios of the fundamental-frequency volt- 
ages under fault condition to the normal 
voltages permit estimating the transient 
overvoltage magnitudes. 

The fundamental-frequency overvolt- 
ages that appear on a balanced three- 
phase system upon the application of a 
single or double line-to-ground fault are 
readily calculated for the point of fault 
by well-known methods based on sym- 
metrical components using the normal 
voltage before the fault and the sequence 
impedance constants of the system as 
viewed from the fault location, including 
Xo, X; and Xo, and the fault resistance 
or resistances.®*%11 Voltages at locations 
other than the point of fault will not as 
a rule appreciably exceed those at the 
point of fault, except possibly in case of 
a very long line, the far end of which 
has an isolated. neutral. 


It has been found possible to compare 
the grounding characteristics of systems 
by expressing overvoltages to ground in 
terms of normal voltage (usually on a 
line-to-neutral voltage base) and by ex- 
pressing the zero-sequence resistance and 
reactance as ratios to the positive-se- 
quence reactance. When this procedure 
is adopted, it is-possible to group systems 
which give the same ratio of overvoltage, 
although the characteristics of the sys- 
tems may be radically different. In 
addition, it is sometimes desirable to give 
the ratio of the zero- to positive-sequence 
capacitive reactances. The effect of 
fault resistance is to increase the magni- 
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Figure 1. Transient and sustained fundamental- 

frequency voltages on unfaulted phases during 

single line-to-ground faults on a three-phase 
system 


11:=22=R+jX=04+)jX% 
Z,=positive-sequence impedance 
Z.=negative-sequence impedance 
’ R,=positive-sequence resistance 
1 = positive-sequence reactance (subtransient) 
Xo=zero-sequence reactance 
1=positive-sequence capacitance 
Co=zero-sequence capacitance 
Ry= fault resistance 
All viewed from the fault location 
Solid line curves—maximum sustained funde- 
mental-frequency voltage to ground on 
unfaulted phases with solid single line-to- 
ground fault. No fault resistance. Numbers 
on curves are Ry/X; ratios 


tude of overvoltage under some conditions 
and decrease it in others. 


Correlation With Different Forms of 
System Grounding 


The preceding discussion has shown the 
complexity of the problem of correlating 
overvoltages with system-grounding im- 
pedances. To avoid some of these diffi- 
culties it has been found expedient to 
consider five classes of system grounding 

- as follows: 


(a). Isolated neutral system. 

(6). Ground-fault neutralizer system. 
(c). Reactance grounded system. 

(d). Resistance grounded system. 

(e). Solidly grounded system. 


(a). Isolated-Neutral System. For 
isolated-neutral systems of small capaci- 
tance to ground and small extent the 
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Dash-dot-dot-dash curve—maximum sustained 
fundamental-frequency voltage to ground with 
the value of fault resistance which gives the 
maximum voltage to ground for any value of 
Ro/X;. Curve plotted only on negative side, 
as fault resistance is not as important on the 
positive side, and additional curves would lead 
to confusion 


Dash-dot-dash curves—maximum transient volt- 
age to ground on unfaulted phases following 
sudden application of a single line-to-ground 


fault. Ro/X:=0 


Dashed curves—maximum transient voltage to 
ground on unfaulted phases following sudden 
application of a single line-to-ground fault. 
C,=Cy. Numbers on curves are ratios of 
Ro/X;. The dash-dot-dash curve for C;,=Cy 


is one of this family of curves for Ro/X,;=O 


maximum line-to-ground voltage for a 
single line-to-ground fault will be equal 
to the line-to-line voltage before the 
fault. As the capacitance to ground in- 
creases with increasing extent of the 
system, the maximum voltage to ground 
will rise above the normal line-to-line 
voltage and will reach very high values 
for systems with the ratio of Xo/X, in 
the vicinity of —2. This condition cor- 
responds to approximate resonance in a 
circuit consisting of the positive- and 
negative-sequence reactances and the 
zero-sequence capacitive reactance, all in 
series. For a double line-to-ground fault 
the voltages on the sound phase will in 
general be less than for a single line-to- 
ground fault except for the range of 
X_/X, between —2 and 0. In this range 
there is the possibility of resonance in a 
circuit consisting of the positive-sequence 
reactance in series with the negative- 
sequence and zero-sequence capacitive 
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reactances in parallel. In considering 
the magnitude of the system overvoltages, 
it is, of course, essential to consider all 
circuit conditions and fault locations.?° 
Usually the highest overvoltages are 
encountered on some abnormal condition 
which leaves a small amount of generating 
capacity connected to a system of large 
extent. Practical curves*! for the esti- 
mation of the magnitude of overvoltages 
on isolated-neutral systems subjected 
to ground faults are available for zero and 
unit ratios of line resistance to Xj. 


(b). Ground-Fault Neutralizer System. 
The voltage from a sound phase to ground 
on a ground-fault neutralizer system will 
rise to the normal line-to-line voltage in 
the event of a single line-to-ground fault. 
For double line-to-ground faults the 
voltages from the sound phase to ground 
will be less than for a single line-to-ground 
fault. If the ground-fault neutralizer 
system is out of tune, there will be some 
increase in the voltage to ground on the 
sound phase, depending upon the con- 
stants of the system and the departure 
from the tuned condition. 


(c, d, e). Impedance-Grounded Systems. 
When power systems are grounded, the 
layouts are normally made to provide a 
ground-fault current which is greater 
than the zero-sequence charging current 
for normal line-to-neutral voltage on the 
zero-sequence network. This, of course, 
is done to provide sufficient current to 
secure positive relay action on ground 
faults, which is one of the principal ad- 
vantages of the grounded-neutral system. 
When power systems are laid out in this 
manner, the systems generally have posi- 
tive or inductive reactance from line to 
ground in the zero-sequence network 
when viewed from the fault location. 
This is in contrast to the negative or 
capacitive reactance in the zero-sequence 
network for the isolated-neutral system. 
For all impedance-grounded systems, 
including resistance, reactance, and 
solidly grounded systems, it is practical 
to estimate the overvoltages from sets 
of curves®’%1 which give the maximum 
line-to-ground voltage for various ratios 
of Ro/X,; and X>/X, for single and 
double line-to-ground faults. 

When fault resistances are of an appre- 
ciable magnitude, their effect on the over- 
voltages must be taken into account,** 
Fault resistance will in some cases in- 
crease and in other cases decrease the 
maximum line-to-ground voltages at 
fundamental frequency. Curves! are 
available which take into account the 
overvoltages which are plotted on the 
basis of the value of fault resistance giving 
the highest overvoltage. When fault re- 
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sistances are of important magnitude, it 
is necessary to select the points between 
which the overvoltages are to be con- 
sidered. If tower-footing resistance or 
ground resistance at the point of fault is 
high, it may be necessary to distinguish 
between the voltages from unfaulted to 
faulted conductor and from unfaulted 
conductor to ground. Thus, for pro- 
tector tubes, the important overvoltage 
during fault may differ from the im- 
portant overvoltage for an arrester appli- 
cation, because in one case the fault is 
to the protective apparatus ground and in 
the other case it may not be. 

Sometimes it is desirable to obtain only 
an indication of a ground on a system. 
For this purpose, a potential transformer 
may be connected between an available 
neutral point and ground, or three trans- 
formers may be connected in wye with 
the neutral point grounded, the second- 
aries being connected in wye or broken 
delta. The latter connection is some- 
times also used for metering or relaying. 
Either method would fall in the class of 
high reactance grounding. In addition 
the latter method leads to the possibility 
of another type of overvoltage known as 
“neutral inversion,” unless suitable means 
for stabilizing are employed.”® 


Transient Overvoltages on Simple ° 
Circuit Changes 


The application of a ground fault to 
a normally balanced three-phase power 
system gives rise to changes in the funda- 
mental-frequency voltage as discussed in 
the preceding section. In addition, there 
is a transient voltage produced by the 
circuit change which is frequently taken 
as the difference between the initial and 
final fundamental voltage. This con- 
ception is accurate for a simple circuit 
without loss. The overvoltages will, in 
general, be less than these values because 
of decrement and because of the resolu- 
tion into oscillating components of differ- 
ent frequencies. However, if the change 
in fundamental-frequency voltage is 
known, the natural-frequency overvolt- 
age superposed on the fundamental fre- 
quency can be estimated, thus providing 
a method of evaluation sufficient for most 
practical cases. 


Ground Faults on Unbalanced Systems 


If a power system is unbalanced with 
respect to ground, because of either 
series impedances or shunt admittances, 
there will be a tendency to increase the 
voltages on some phases and to decrease 
them onothers. If these unbalances oc- 
cur at the same time as ground faults, the 
voltages to ground may be importantly 
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increased.’? These double unbalances 
frequently arise as the result of a ground 
fault, such as may be produced by 


1. A conductor breaking with grounding of 
the broken conductor. 


2. Fuse blowing. 


83. The opening of one breaker pole ahead 
of the others. 


Such conditions may produce very high 
voltages to ground under conditions 
which would give relatively low voltages 
if the open-phase condition did not exist 
at the time of a ground fault. Sometimes 
the system provides a parallel resonant 
path from the conductors of other than 
the open phase through the shunting 
paths to the open conductor beyond the 
phase break to ground. Under these con- 
ditions excessively high voltages may be 
produced by resonance action at funda- 
mental frequency. Each of these cases 
must be investigated individually, and 
it is not practical to set up general curves 
for the determination of the magnitude 
of system overvoltages that occur under 
these double unbalances. The calcula- 
tion of the overvoltage for a particular 
case of double unbalance can be carried 
out by the use of the method of sym- 
metrical components, using one of the 
equivalent networks for simulating the 
double unbalances. 


CoMPLEX CIRCUIT CHANGES 
THROUGH ARCING PATHS 


Circuit changes through arcing paths 
may give rise to system overvoltages, 
either as a result of 


1. Forcing current zero. 


2. Restriking through the previously con- 
ducting path. 


These phenomena give rise to additional 
transients, because. of the variable re- 
sistance which is characteristic of the arc, 
and thus introduce additional complica- 
tions in overvoltage calculations. 


Forcing Current Zero 


If an arcing path is rapidly deionized, 
there may be “forcing of current 
zero’’1»?> by which is meant a more rapid 
change of current than would occur in 
the circuit if certain characteristics of the 
are were not present. This action pro- 
duces transient voltages which increase 
those produced by the circuit change it- 
self. If current is flowing through the 
inductive elements of the circuit at the 
time an are is suppressed, there is a 
tendency for the current to continue, 
completing the circuit through shunt 
capacitances, thus greatly increasing the 
voltages across them. 
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Figure 2. Line-to-ground sustained voltage 


chart for grounded systems, in the region of 


small X./X, and Ro/X; 


Figures on curves are times normal line-to- 
neutral voltage. In parentheses are given 
times line-to-line voltage for two significant 
values. Curves are for X,=X, and Ri: =R,=0 


The rate of increase of voltage and the 
magnitude reached depend upon the cur- 
rent at the time of sudden interruption, 
the inductance and capacitance of the 
circuit elements, and the dielectric 
strength that can be established. Such. 
voltages can be calculated for simple 
circuits from the stored energy relation 
LI? = CE?, using for J the value of cur- 
rent at the instant of sudden interrup- 
tion. If considerable current is flowing 
and the inductance is relatively high, 
the transient overvoltage produced by 
forcing the current zero will be very large 
if the shunt capacitance is small. From a 
practical point of view, the overvoltage 
which may be impressed on a circuit as a 
result of forcing of current zero is usually 
limited in an arcing path because of its 
dielectric characteristics. The arcing 
path cannot instantly change from (1) 
low resistance corresponding to heavy 
current flow to (2) high dielectric strength 
at a very short time after the suppression 
of current flow. If restriking takes place, 
transient overvoltages may be built up or 
limited as discussed subsequently under 
the subject of ‘‘restriking”’. 

Arcing paths in air over insulator 
strings and apparatus bushings rarely 
result in important overvoltages as a 
result of the forcing of current zero. 
However, forcing of current zero may 
take place in circuit breakers of either the 
air or oil type because of the means used 
to deionize the are path rapidly. Failure 
of solid types of insulation may force 
current zero because of the high pressure 
built up in the fault path. In this con- 
nection it is, of course, pertinent to re- 
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member that, when pressure has been 
dissipated in this fault path, the di- 
electric strength is reduced below its 
normal value. 

The interruption of current in a circuit 
breaker in forcing current zero is con- 
veniently analyzed in terms of extinction 
voltage.1*!7 By extinction voltage is 
meant the voltage that appears across a 
circuit breaker at the end of the last half- 
cycle of current flow; it includes the in- 
creases in arc voltage and the increases 
resulting from diversion of current to 
shunting paths. Extinction voltages are 
usually relatively low but may approach 
the normal circuit voltage. The effect of 
the extinction voltage is to increase the 
magnitude of the transient overvoltage 
by an amount that is approximately equal 
to the extinction voltage itself. 


Restriking Arcs 


When current flows through any arcing 
path in a power system, there is a tend- 
ency for the arc to go out at every cur- 
rent zero and to restrike immediately or 
within a slight interval after normal 
current zero. In some cases the current is 
interrupted at current zero, and there is a 
definite “current pause” before current 
flow is re-established following a restrike 
through the arc path. This interval may 
be in microseconds or may last for a half- 
cycle of the fundamental frequency of the 
circuit or longer before restriking takes 
place. 

Re-establishment of are voltage across 
an are path is controlled by the char- 
acteristic of system recovery voltage that 
is impressed across the are path and tends 
to cause dielectric breakdown and the 
dielectric recovery characteristic of the 


arc path. If the dielectric recovery 
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strength is at all times greater than the 
transient recovery voltage, then restrike 
will not take place. The magnitude of 
the resultant transient overvoltage is, 
therefore, greatly affected by those sys- 
tem characteristics that control the shape 
of the transient recovery voltage-time 
curve of the system and by the dielectric 
voltage-time curve of the arc path. If 
the are path is of certain characteristics, 
restriking will take place at substantially 
the same potential under all conditions. 
Under other system transient recovery 
voltage and dielectric recovery character- 
istics, breakdown may occur under con- 
ditions for the arcs to produce cumula- 
tive oscillations!??% resulting in high 
voltage across the arcing path. 


Analysis by Means of © 
Miniature-System Setups 


The preceding discussion has shown 
the difficulty of analyzing the effects of 
arcs in increasing transient voltages as a 
result of either forcing of current zero or 
as aresult of restriking. In fact, the only 
practical method!!*19 available for the 
laboratory study of such problems is by 
the use of a miniature power system which 
is set up to simulate the actual system 
and which is subjected to corresponding 
circuit changes. In this method the 
various circuit elements are set up to have 
the corresponding positive-, negative-, 
and zero-sequence series impedances and 
shunt admittances. Distributed circuit 
elements, such as a transmission line, are 
simulated by equivalent circuits of 
lumped or semidistributed constants. 
The characteristic of the arc path can be 
simulated, or the arc path can be re- 
established as determined by the assumed 
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s of Power-System Grounding 


Solidly Grounded 
(#< 3.0 and *’<1.0 
Xi ys Xvees 


Resistance Grounded by Definition ) 


Good if neutral re- 
sistance does not 


exceed ground Lowest 
fault neutralizer 
ohms 
Highest, but seldom ap- 
ite preciably larger than the 


3-phase short circuit cur- 
rent. Limit is 150 per 
cent of 3-phase value 


factory for high ened 


Good for low 
values and satis- 
values 


Same as for iso- 
lated neutral or(.... Lowest 
better 


dielectric characteristic of the breaker, 
or, as is more frequently done, the arc 
can be re-established at the point on the 
system voltage wave which would result 
in the highest transient disturbances. 
Several restrikes are possible under some 
conditions. However, practically all of 
the voltage studies to date have assumed 
that the probable maximum overvoltage 
would be obtained as a result of two re- 
strikes occurring at such intervals as to 
produce the greatest possible rate of in- 
crease in system overvoltage. In the 
operation of a circuit breaker many re- 
strikes may occur in the process of open- 
ing. In this connection it is to be pointed 
out that unless the magnitude and time 
of the dielectric recovery voltage curve 
have just the right values to cause break- 
down by system recovery voltage, the 
restrikes will not occur at such intervals 
as to produce maximum cumulative ac- 
tion. Frequently the transient over- 
voltages, which cannot be avoided on the 
energizing of a circuit, are comparable 
to the voltages produced on opening a 
circuit with many restrikes. 

System overvoltages as a result of 
arcing faults to ground or arcs through 
switching equipment in the process of 
opening or closing the circuit are affected 
by the method of system grounding and 
the magnitude of the grounding im- 
pedance, because these voltages are con- 
trolled by the magnitude of the sequence- 
impedance constants to ground and their 
relation to the normal circuit impedance. 

Miniature-system setups have been 
used for the study of transients on systems 
grounded in different ways.*1°1* These 
investigations of the transient over- 
voltages for single or double line-to-ground 
faults or switching operations on ground- 
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faulted systems show that the solidly 
grounded system is the best, and the 
isolated system is the worst. In addition, 
the investigations of ground-fault neutra- 
lizer systems show that 


1. For arcing faults to ground that are 
cleared without switching, the transient 
overvoltages are very low. 


2. For switching a grounded line, the tran- 
sient voltages are comparable to those of 
an isolated-neutral system.* 


For ground faults on reactance- 
grounded systems, the range of transient 
voltages has two minimum values cor- 
responding to the solidly grounded sys- 
tem and to the ground-fault neutralizer 
system, and two maximum values, one 
corresponding to the isolated-neutral 
system and the other corresponding to a 
reactance intermediate between zero for 
the solidly grounded system and the 
ground-fault neutralizer value. With 
resistance-grounded systems of low ohmic 
value, the transient voltages approach 
those of the solidly grounded system, and 
with high ohmic values (higher than 
ground-fault neutralizer values), the 
voltages approach those corresponding 
to the isolated-neutral system. 


Summary 


The foregoing discussion of system 
overvoltages indicates broadly the scope 
and complexity of the problem. In this 
section of the report an attempt will be 
made to present as concisely as possible 
the relationship between system over- 
voltages and the method of neutral 
grounding. 

In the preceding classification of the 
causes of system overvoltage (see section 
on causes of system overvoltage) items 
la, b, and c deal with phenomena which 
are independent of the method of system 
grounding. 

Items 2a, b, and c do not lend them- 
selves to a generalized relationship with 
neutral-grounding impedances. How- 
ever, it can be said that the isolated- 
neutral system is likely to give more 
trouble from this source than any other 
type of system. 

The overvoltage most frequently en- 
countered in power system operation is 
that which occurs as a consequence of a 
fault to ground (items 3a and b). These 
overvoltages are definitely related to 
the amount of grounding impedance as 
indicated in Figure 1. The curves of 
this figure are based on the sequence 
series reactances X,, Xe, Xo, the zero- 
sequence resistance Ko, the sequence 


* This of course does not apply when the ground- 
fault neutralizer is short-circuited before switching 
is done. 
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shunt capacitances Ci, C2, Co, and the 
values of fault resistance Ry, all viewed 
from the point of fault. The values of 
negative-sequence reactance and shunt 
capacitance are taken, in line with con- 
ventional practice, as equal to the corre- 
sponding positive-sequence quantities, 
although slightly higher values of voltage 
would be obtained if X, were greater than 
X;. The solid curves of Figure 1 show 
the sustained fundamental-frequency volt- 
ages (neglecting decrement in machine 
fluxes) that appear from line to ground for 
a single line-to-ground fault. These 
curves are important mainly, because 
they are the basis for determining ar- 
rester ratings required for a particular 
system. A double line-to-ground fault 
need not be considered generally in the 
practical range of system constants, 
since voltages to ground are less than for 
a line-to-ground fault except as indicated 
in the discussion of the curves of Figure 
2. If Xo/X, is small and positive, sus- 
tained overvoltages resulting from faults 
are low when Ro/X} is also low. 


The region in which Xo/X, and Ro/X 
are both small is of considerable im- 
portance. This region has been plotted 
in Figure 2 in a different way?! for the 
purpose of showing more clearly the effect 
of zero-sequence impedance upon the 
maximum sustained voltages to ground 
for any type of fault and for any value of 
fault resistance (in Figure 1 fault resist- 
ance was neglected for positive values 
of Xo/X1). These curves are for X2=X, 
and Ri=R,=0. They show the maxi- 
mum zero-sequence impedance ratios 
Ro/X, and Xo/X, for which a definite 
voltage will not be exceeded between any 
phase and ground. 


The curves of Figure 2 are irregular, be- 
cause they are composed of parts that 
represent limiting voltages on different 
phases or for different types of faults. 
Thus, assuming counterclockwise rota- 
tion in a, 0, ¢ order, the principal parts 
of the curves are ares of circles corre- 
sponding to the voltage on phase c for a 
single line-to-ground fault on phase a 
with zero fault resistance. For parts of 
the 1.25 and 1.40 curves near the Ry/X, 
axis, the effect of introducing fault re- 
sistance is to increase the voltage on 
phase c. For the 1.25 and 1.4 curves the 
portions between the X)/X, axis and the 
points of abrupt change in the curves are 
determined by the voltage on phase }, 
for a single line-to-ground fault on phase 
a with the fault resistance such as to give 
maximum voltage. Part of the 1.25 
curve near the Xo/X, axis is determined 
by the voltage on phase a for a double 
line-to-ground fault on phases 6 and c. 
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With reference to Figure 1 again, it is 
evident that sustained overvoltages can 
be very high if the ratio Xo/X, is in the 
vicinity of —2. However, this is of little 
practical significance, since systems would 
not normally operate with such con- 
stants. Most systems normally operated 
with isolated neutral (Xo/X1 negative) 
would have a negative value of X0/X1 
greater than 40. Consequently the re- 
gion of highest voltages would not be of 
importance except possibly during a 
system disturbance in the course of which 
a large portion of generating capacity is 
lost, or the major neutral grounding 
points are separated from the system as a 
result of switching. 


Isolated neutral systems have nega- 
tive values of the ratio Xo/Xi1 which 
usually are in the range between — 40 and 
minus infinity. From Figure 1 it will be 
seen that for a ground fault the funda- 
mental-frequency sustained voltage from 
line to ground equals 1.73 times line-to- 
ground voltage for the ratio of Xo/X1 
equal to minus infinity, and, that as the 
ratio is decreased to —40, the voltage in- 
creases to about five per cent above this 
value. For ground faults on isolated- 
neutral systems the effect of fault 
resistance (item 30 in the previous classi- 
fication) causes further increase in the 
voltages to ground. The maximum sus- 
tained voltages to ground for any value 
of fault resistance are given in Figure 1 by 
the curve made up of long dashes sepa- 
rated by two short ones. In the applica- 
tion of protective devices, such as light- 
ning arresters, this circumstance theo- 
retically requires the use of devices with 
ratings higher than the emergency-rated 
voltage of the system. For some isolated- 
neutral systems this procedure is neces- 
sary. However, there exists considerable 
experience on many isolated-neutral sys- 
tems with lightning arresters of ratings 
equivalent to the emergency-rated cir- 
cuit voltage. The damage to the arrester 
resulting from this practice has usually 
been negligible, and it is probably more 
economical to take the risk of an occa- 
sional lightning-arrester failure from this 
cause than to apply arresters of higher 
rating. 1011 


When a fault suddenly occurs on one 
phase of a system, a transient voltage 
occurs on the other phases. The maxi- 
mum transient voltage depends on the 
ratio of C;/Co, system configuration, the 
amount of reactance in the circuit 
(X0/X 1), the amount of resistance in the 
circuit (Ro/X;), and the instant at which 
the fault occurs relative to the voltage — 
wave, a particular instant being required 
to give the maximum disturbance. The 
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we | 
age 3 can be obtained for most system 

operating conditions. The curves in 
Figure 1 made up of long dashes separated 
_ by one short dash are for Ro/Xi:=0. In 
_ particular, it should be noted that as Cy 
increases relative to C, the maximum 
transient voltage increases. In most 
cases C; will be greater than Cy, however. 

Zero-sequence resistance (Ro/X)) 

seen to be helpful in reducing these tran- 
sient oscillations. Curves for C\= Cy and 
for various ratios of Ro/X, are shown as 
a series of short dashes in Figure 1. 
While no curves are shown for values of 
| Ro/X, other than zero for positive values 
of Xo/Xi, any resistance will tend to re- 
' duce the overvoltage from the maximum 
values shown for Ro/X,=0. 
. Items 3c, d, and e do not lend them- 
_ selves to generalized summarizing, such as 
shown by the curves for items 3a and b. 
Any of these items may be present to a 
certain degree and may in some cases 
add considerably to the amount of over- 
voltage shown by the curves of Figures 
land 2. 

Switching operations collectively (item 
4) cannot be related definitely to system- 
grounding impedances. The isolated- 
neutral system on the one extreme is sub- 
ject to the highest switching surges, while 
the solidly grounded system on the other 
extreme is subject to the lowest switching 
surges, generally speaking. Studies of 
particular systems and particular switch- 
ing operations have been made, and these 
are helpful in pointing to circuit condi- 
tions and methods of grounding to be 
avoided. Certain values of neutral 
grounding reactance have been shown to 
give rise to high transient voltages during 
switching.!*-!9 Relatively high values 
of neutral grounding resistance are per- 
missible without encountering dangerous 
overvoltages.!7!9 In cases for which the 
published results are not sufficiently 
indicative, it is recommended that fur- 
ther detailed studies be made. In many 
cases, the probability of occurrence may 
be small, although the possibility of get- 
ting destructive voltages of the types 
classified earlier in this report may 
actually exist. 

Of the influences listed under item 5, 
only ‘(c). Electrostatic charging of 
ungrounded systems by wind-borne parti- 
cles, ...” is recognized generally as a func- 
tion of grounding impedance. Cases in 
which conduction or induction is a recog- 
nized cause should be studied individu- 
ally. 

It should be evident that it is not 
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possible to specify any specific number of 
ohms of resistance or reactance as being 
adequate for grounding and for eliminat- 
ing the possibility of all overvoltages, 
since the magnitude and arrangement of 
other system constants is directly in- 
volved. However, it is possible to limit 
the overvoltages and thus protect appara- 
tus by means of lightning arresters. 
Arresters respond to voltage and make no 
distinction as to whether the cause is 
lightning or a switching operation. In 
any case, a voltage protective level is 
held. In the case of a sufficiently low 
grounding impedance, permitting the use 
of grounded neutral rating arresters, this 
protective level is substantially lower 
than for higher grounding impedance 
requiring the ungrounded rating arrester. 
Consequently there is a gain, from the 
standpoint of lowering the protective 
level, in selecting grounding impedances 
of low ohmic value. However other 
considerations, such as limitation of 
short-circuit currents for power-system 
operating reasons or for inductive co- 
ordination, may prevent taking full ad- 
vantage of this possibility. 

It should be emphasized that the num- 
ber of grounding points is of importance 
also, since during a system disturbance it 
is undesirable to have any part of the 
system with connected generation to be 
left without a neutral ground. While in 
the limit, this would mean that every 
source of short-circuit current should have 
a neutral ground, practical and economic 
considerations may dictate a somewhat 
smaller number of grounding points. 

Engineering opinions, as to the choice 
of resistance or reactance grounding and 
the proper ohmic value, have not crystal- 
lized. This situation results from the 
complexity of the problem, the intangi- 
bility of many factors involved, the range 
of conditions encountered, and the results 
to be achieved. However, it is pertinent 
in connection with this discussion to con- 
sider the effect of such factors in the 
grounding problem as relative dielectric 
strength of apparatus, current limitation 
requirements, relaying requirements, and 
lightning-arrester settings, since they 
affect the kind and magnitude of ground- 
ing impedances. 

Many engineers prefer to ground 
directly all available neutral points, intro- 
ducing neutral reactance where neces- 
sary to avoid increasing machine stresses 
and breaker ratings on ground faults 
beyond the values corresponding to three- 
phase short-circuit currents. This pro- 
cedure comes within the classification of 
solidly grounded systems with Xo/X1 <3. 
Other engineers prefer to introduce 
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greater limitation of fault current, which 
is generally accomplished by neutral re- 
sistors. The problems are different for 
grounding transmission systems through 
transformers than for grounding generator 
busses because of the relatively lower 
dielectric strength of rotating machines. 
In general, the transient overvoltages 
with resistance grounding are more favor- 
able than with moderate values of re- 
actance grounding, and the maximum 
value of resistance which may be used is 
generally considered to be that which 
corresponds to the tuned reactance value 
of the ground-fault neutralizer. The 
maximum permissible value of reactance 
grounding is considerably more specula- 
tive, and discussions have not reached a 
conclusion, The permissible value of the 
ratio Xo/X, is affected by the extinction 
voltage, the sequence series reactance and 
sequence shunt capacitance constants of 
the system, since they affect the condi- 
tions for which a high-frequency current 
zero may be obtained and thus control 
the conditions for restriking. Engineer- 
ing opinion on the maximum permissible 
value of Xo/X, ranges from 3 to 10 for 
generator grounding. For grounding 
transmission systems, higher ratios of 
Xo/X;, have been considered, ranging 
from 10 to 40, the highest values having 
been considered for grounding trans- 
formers applied to transmission circuits 
with aerial lines. Applications in this 
range however may require special study. 
Sometimes resistors in parallel with neu- 
tral reactors have been used, with the 
reactor to limit ground current and the 
resistor to limit transient voltages. 

Table I lists in a very general way the 
advantages and disadvantages of various 
methods of system grounding. 


Classification of Power Systems With 
Respect to Method of Grounding 


The preceding discussion has shown 
that, from the standpoint of overvoltages 
at least, the various methods of grounding 
power systems may be classified according 
to ground connections and sequence im- 
pedance constants” as follows: 


1. An isolated-neutral (ungrounded) system 
is a system without an intentional connec- 
tion to ground. Isolated-neutral systems 
may be subjected to various overvoltages, 
depending upon the ratio of X9/X1 as viewed 
from the fault location.** 


* Ro, Xo,and Xy,are, respectively, the zero-sequence 
resistance, the zero-sequence reactance taken as 
positive if inductive and negative if capacitive, 
and positive-sequence subtransient reactance. All 
these impedances are those of the system as viewed 
from the fault location. 


** A system grounded through potential trans- 
formers is not an isolated-neutral but a reactance- 
grounded system, according to this classification. 


TRANSACTIONS 23 


2. A grounded system is a system in which 
at least one conductor or point (usually the 
middle wire or neutral point of transformer 
or generator windings) is intentionally 
grounded, either solidly or through im- 
pedance. Grounded systems may be sub- 
jected to various overvoltages, depending 
upon the ratios of Xo/X: and R)/X: as 
viewed from the fault location. 


3. A solidly grounded system or portion of a 
system is a system or specified portion thereof 
that has for all fault locations zero- to posi- 
tive-sequence ratios of Xo/Xi1<3 and Ro/Xi 
<1 for any condition of operation and 


amount of connected generator capac- 
ity.8-10,11,20 


4. A resistance-grounded system is a system 
grounded through an impedance, the prin- 
cipal element of which is resistance. 


5. A reactance-grounded system is a system 
grounded through an impedance, the prin- 
cipal element of which is reactance. 


6. A ground-fault neutralizer system is a 
system grounded by means of a grounding 
device which provides an inductive reac- 
tive component of current in a ground fault 
that is substantially equal to, and therefore 
neutralizes, the rated frequency capacitive 
component of the ground-fault current. 
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Systems and the Riemann-Christoffel 


Curvature Tensor 
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Synopsis: Many electromechanical systems 
that are being studied in connection with the 
war effort have so many degrees of freedom 
that it is totally impractical to analyze their 
performance by direct calculation. It is, 
therefore, increasingly important to develop 
equivalent circuits for these multiple oscil- 
lating systems, that can be put on the a-c 
calculating board and so solved by direct 
reading of instruments. 

In this paper it is-shown that a necessary 
(though not sufficient) condition for the 
existence of a physical model, corresponding 
to a given set of equations, is that the set 
should be a tensor equation. This follows 
from the fact that only quantities that are 
tensors can be measured by instruments. 
The conclusion is therefore reached that only 
equations that are in tensor form can be set 
up on the a-c calculating board. 

The principle is illustrated by setting up 
equivalent circuits with the aid of tensorial 
hunting equations for the determination of 
the steady-state, hunting, and self-excita- 
tion performance of two interconnected 
instrument-Selsyns, of two salient-pole syn- 
chronous machines, and of a capacitor-com- 
pensated transmission line connected to a 
galient-pole synchronous machine. A com- 
panion paper, ‘‘Self-Excited Oscillations 
of Capacitor-Compensated Long-Distance 
Transmission Systems’’!? contains the results 
‘of an extended study made on the a-c net- 
work analyzer with the aid of one of the 
equivalent circuits developed here. 


Difficulties in Establishing 
Equivalent Circuits for Hunting 


N trying to set up equivalent stationary 
networks for the hunting performance 
calculation of interconnected systems, it 
was found to be impossible to establish 
networks that correspond to the equations 
of the systems, even though the latter were 
sets of linear algebraic equations of the 
form e=Z-i. All known methods of 
tranformation of reference frames or of 
variables led to expressions that could 
not be measured by instruments. 

The apparently insurmountable difh- 
culties were finally overcome by the fol- 
lowing reasoning: 

The equations of small oscillation under 
consideration were the standard Lagran- 
gean equations of motion, in which x* 
was replaced by x*+ Ax* as is the uni- 
versal custom. It is however well known 
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that, while the Lagrangean equations are 
tensor equations, the equations of small 
oscillations, derived from the former by 
standard methods, are no longer tensor 
equations. Since a tensor is a measurable 
physical entity, it seems plausible that 
the standard equations of hunting do not 
show correctly the physics of the prob- 
lem—even though they do give correct 
numerical answers—nor do they express 
the hunting phenomena in terms of meas- 
urable quantities. Hence, no physical 
model corresponding to a set of non- 
tensor equations may exist. 

The tensorial form of the equations of 
small oscillations of electrical machinery 
already has been established’. These 
tensor equations differ from the standard 
equations by having certain terms added 
to and subtracted from the latter. In other 
words, if the standard hunting equations 
are expressed as 


A+B=0 


(where none of the sets of expressions 


A or B nor the combination A+B are 
tensors), the tensorial hunting equations 
may be expressed as 


A+B+C—C=0 


where C represents a set of expressions, 
that otherwise would cancel. 

Now while neither A nor C are tensors, 
the combination A+C is a tensor, so is 
the combination B—C. Hence each ex- 
pression in the equation 


(A+C)+(B—C)=0 


is a tensor. Therefore A+C must be a 
measurable quantity and so must B—C. 
If the reasoning is valid then this last 
equation and not the simplified equation 
must be the proper physical form, that 
admits an equivalent circuit. If C is 
cancelled, then the resultant equation 
still would give correct numerical an- 
swers, though it would represent an in- 
complete physical picture, hence a phy- 
sically unrealizable equivalent circuit. 
This reasoning proved to be correct in 
every detail. When the additional terms 
C were calculated, the equivalent circuit 
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of the oscillating system followed im- 
mediately and in a perfectly straight- 
forward manner. 

In machines for which the standard 
hunting equations did give an equivalent 
circuit outright, the terms A and B each 
were already tensors (measurable quanti- 
ties) because of the simplicity of the 
physical system. Hence the hunting 
equation itself A+B=0 was already a 
tensor equation, 


The First Principle of the General 
Theory of Relativity 


In 1905 Einstein came forward with the 
special theory of relativity. One of the 
consequences of this theory is the postu- 
late that the three co-ordinates of space 
x, y, 2, and time ¢ are not two distinct 
physical entities 


\m1 2 3 


but are components of a single tensor, a 
single physical entity 


Sole ae cee 
xt=|x | y |e | jal] 


With this assumption it could be shown, 
for instance, that the separate electric 
and magnetic fields were only components 
of one underlying physical reality, the 
electromagnetic field. (Namely, B=B, 
and H=H* are components of one tensor 
Fae.) 

In 1916 Einstein announced the general 
theory of relativity. One of the out- 
growths of this more general theory is the 
postulate that both the gravitational and 
the electromagnetic fields are components 
of only one underlying physical reality. 
The first principle of this theory may be 
formulated for the present purpose as 
follows :! 


“All laws of nature are tensor equations’’* 


For instance, the equations of Lagrange 
are tensor equations; so are the field 
equations of Maxwell in special reference 
frames. For more general reference 
frames Maxwell’s equations have been 
brought into tensorial form by Min- 
kowsky. 

The question whether the group of 
transformations under which the laws of 
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nature are invariant is the Lorentz group 
(as postulated by Einstein), or the 
Galilean group, has no bearing upon the 
argument of this paper. 


A Principle to Establish Models 
for Physical Systems 


Of course not only the grandiose dif- 
ferential equations that describe the curva- 
ture of light as it passes near the sun are 
tensor equations, but also the simple 
linear differential or algebraic equations 
that represent the performance of such a 
lowly creation as a stationary network. 
Hence if a stationary network is given, 
and its set of linear algebraic equations 
e=Z:-i is established by Ohm’s and 
Kirchhoff’s laws, the set always comes 
out as a tensor equation. 

But let now the problem be reversed. 
Let a set of linear algebraic equations 
e=Z-i be given: Are or are they not the 
equations of a stationary network? In 
other words, is it possible to establish a 
physical model whose performance cor- 
responds term by term to the given set of 
equations? 
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Table I. Torque Formulas of Two Instrument Selsyns 
Valid If Either Machine Hunts 


(a). Steady-State Torques 


VEp,* =Wi TE pn*=Ws T1=WitW, 
PE», ee ie re =W, T2=W3t+W, 
(b). Damping and Synchronizing Torques of the Second Machine (Receiver) 
as 55 : , WetWetWitWe 
iT AEp,* = W; +705 4 AEp2* => W, +707 T32 — an 
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Repeat the same measurements with —/ hunting network. 


Ty2= T52' +T 2" 


Ta= Ta.’ =S Bey 


(c). Damping and Synchronizing Torques of the First Machine (Transmitter) 


= +70 1 AE *— WW ~ 10) Ee 12. 
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Repeat the same measurements with —/ hunting network. 


Ty = Des ae eae 


Ta =Tq'- Vga 


In consequence of the first principle of 
general relativity, it is safe to conclude 
that a primary and necessary condition 
for the establishment of a model is that 
the set of equations should be a tensor 
equation. If it is not a tensor equation, 
then the set definitely cannot represent 
any physically existing structure, such as 
a stationary network. 

This deduction was rather emphatically 
proved in attempting to establish equiva- 
lent circuits by use of the nontensor hunt- 
ing equations e=Z-i. 

This simple fact may be generalized 
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a) Steady-State Network 


to include all physical phenomena by the 
following principle: 


“A set of equations, representing the per- 
formance of any physical system (be it 
mechanical, electrical, thermal, or any other 
system) may be represented by a physical 
model (equivalent circuit) only if the set of 
equations is a tensor equation.” 


Even if no model of a system is built, 
the engineer is interested in the objects 
that he can measure. Or if he does not 
care to measure certain quantities, he may 
still be interested in a mental “‘physical 
picture’ of the phenomena taking place 
in the various parts of the system. Asa 
corollary of the above principle it may be 
stated that: 


“Tn order that a set of equations should ex- 
press the performance of a physical system 
in terms of measurable and visualizable 
quantities, the set of equations must be a 
tensor equation.” 


Examples of sets of nontensor equations 
are those that represent small oscillations 
of dynamical systems, if these equations 
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b) The Second Machine (Receiver) Hunts 
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are derived from the equation of Lagrange 
by standard methods. Other nontensor 
equations are those of magnetrons, ultra- 
high-frequency tubes, and so forth, in the 
analysis of which small variations are 
taken in Maxwell’s equations. 

Many of the theories used in electrical 
engineering for the study of rotating ma- 
chines and stationary networks are also 
nontensor equations. Such theories are 
usually valid for one particular machine 
and even then only for one particular ref- 
erence frame. In contrast with these in 
Park’s analysis of the synchronous ma- 
chine, all basic equations (except those of 
hunting) may be shown to be tensor equa- 
tions, and to this very fact their success 
must be attributed. Fortescue’s method 
of symmetrical components is a tensorial 
transformation; hence its value and 
permanence. 

The conclusion of the reasoning is that 
even though a set of linear algebraic equa- 
tions e= Z:iis available, it does not follow 
that an equivalent stationary network can 
be established for it. A necessary (though 
not sufficient) condition is that the equa- 
tion should be a tensor equation. If it 
is not, then it cannot correspond term 
by term to any physically realizable net- 
work. 

The change of a set of linear algebraic 
equations e=Z-i into a tensor equation 
consists—in the present case when it 
represents small oscillations—of the in- 
troduction of such tensorial concepts as 
the Riemann-—Christoffel curvature tensor 
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Figure 3. Two sali- 
ent-pole — synchro- 
nous machines 


Just how to change a set of 
equations into a tensor equation always 
depends on what the equations represent 
physically. The equations of each type 
of physical phenomenon require separate 
treatment. 


Kasys- 


The Affine Connection 


The most general form of connection 
used in affine differential geometry and 
also in the study of electrical machinery is 


Odya Odep 
Ox* dx Ox? 
Naf, y t+QyB, atQya, B+ Sapy —SyBa— 


i 
Syap 3 (Qapy +QOpya—Qyap) (1) 


where 


Sasy =torsion tensor, skew-symmetric in 
aand gs 

Qaby = “Weyl 
aand gs 


tensor,” symmetric in 


Table Il. 


b) The Second Machine Hunts 


Qs, y=nonholonomic object, 
metric in a and pg 


skew-sym- 


In the special types of electrical ma- 
chines considered in this paper the Weyl 
tensor Qqgy is zero. 

In the dynamical equations of Lagrange 
Tag, 7 is always multiplied by x* =7% 
twice, as Tyg, 777. As a consequence 
some of the above terms cancel or become 
equal, so that the affine connection sim- 
plifies to 


Oxn® 20x 
= lap, y]—2S yap (2) 


oa 1 Oa 
Tas, a ("a = oat +20 708 — 2S veB 


where [a8, y] is the nonholonomic Chris- 
toffel symbol. 

It is emphasized that the above simpli- 
fied form of I'gg,, can be used only 
in the equation of motion and in its varia- 
tions, such as the equations of small oscil- 
lations. In any other equation, such as 
the field equations of Maxwell, the com- 
plete form of Tag y, as it appears in 
equation 1 must be used.° 


The Three Types of 
Transformations 


In establishing equivalent networks for 
electrical machines there are at least 
three types of transformations used :? 


1. Co-ordinate transformations. 


Torque Formulas of Two Synchronous Machines 


Valid If Either Machine Hunts 


Steady-State Torques 


Damping and Synchronizing Torques 


First Machine First Machine 


Ey, *=Wi i!* AEp,* = Ws+jQs 
P°E,,*=Ws AiEp,* = WetjOs 
T1=WitW, i°* AEy,* = WitJjQr 


Ai?* Ey, * = WetjOs 
Second Machine 


Ep*=Ws 
Ey * = Wa 


T= — (Wet Wet Wit Ws) 
_ (Qs+Qr) — (Qe+Qs) 


Second Machine 
i! AE n* =Wo+ti0Qs 
AiM@Ep* = WiotjQt0 
% AB» * = Wu +701 
Ai?* Ey.* = Wi +jQi 


T= — (Wo+ Wiot Wut Wis) 
(Qs+0n) —(Qiot+Qiz) 
ji 


T2= Wst+ W, Ta 


h 
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2. Spin transformations. 


8. Gauge transformations. 


Co-ordinate transformations are used 
in passing from the stationary a, b,c 
axes to the rotating d, gq, o axes or in 
interconnecting the reference axes. Spin 
transformations are employed in intro- 
ducing the hypothetical symmetrical 
component frame. Gauge transforma- 
tions enter in eliminating some of the 


Table III. 


Steady-State Torques 


a) Steady —State Network 
siXor te 
(h+v)? h+v 


b) Hunting Network 


Figure 4. Transmission line with series ca- 
pacitors connected to  salient-pole syn- 
chronous machine 


All reference axes rotate uniformly with the 
infinite bus 


phase shifters that would otherwise ap- 
pear in the equivalent circuits. 

In consequence of all these necessary 
transformations, the theories of spinor 


Torque Formulas of Synchronous Machine Connected to Transmission Line 


-— _ —> == 


Damping and Synchronizing Torques 


VEy*=W' PAE*=WitjQ AVE*=WstjiOs Ts=WitWatWstW, 
PEy*=W" P AEy*=WetjQ: AV Ex*=WitjQ. Ta= rT) — so) 
T=W'+w" 
Cn Wine IXck IXe1 oY i 29-5 re 
h+v fe h+v i (h+v)? (h+v)@ h+v htv h+v h 


rn =a JXn-1 -JXck 
Revo) bev (h-v)? (h-v)2 
Figure 5. 
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__JXer 3 J 
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jx 
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Self-excitation network of the transmission system (mass = infinite) 
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analysis must be resorted to, in addition 
to those of tensor analysis. 


Spinor Form of the Equation 
of Motion 


When the components of Igg, y con- 
tain complex numbers or complex func- 
tions, it has been shown’ that eight dif- 
ferent Iug,, may occur in the most 
general case, namely Tug 5, To, », 
13,8, y Tos, y and their conjugates. It 
has been found by the writer that in the 
Lagrangean equation, or at least in elec- 
trical machinery, six of the above eight 
expressions are zero, and only the follow- 
ing two have nonzero components, 
Tas, 7 and ['gg,5. In particular it was 
found, that of the two components of 
Tog, y namely 


Teg, yla8, ¥]—2Syae (3) 


the nonholonomic Christoffel symbol 
[a8, y] has only its free index barred, 
while the torsion tensor Sgg; has its 
skew-symmetric indexes both barred. 
Hence in interchanging a and 8 in the 
latter, the components change signs only, 
but do not assume conjugate values. 

From this property the following con- 
clusions may be drawn, to be used as a 
laborsaving device: 

In analyzifg electrical machinery in 
complex variables (for instance when sym- 


ELECTRICAL ENGINEERING 


IX, 


<|- 


a)Steady-State Network 


metrical components are introduced or 
! when polyphase machines are studied) 

the usual tensor equations containing the 
unbarred Iggy may be used in all 
manipulations, even though the variables 
_ are complex. However when Tg, , is 
replaced by its component objects, then 
~ [a8, Y] should have its free index barred 

and Sg, its two skew-symmetric indexes. 
Accordingly the equation of motion of 
_ Lagrange 


: dif 
= Ragi®+aeg ae py, ai? i? (4) 


may be written for complex variables as 


dif 
ca = Rapi®-taap— + (87, alii¥ —2SapyiPi” 


where [8y,a@] is the nonholonomic 
Christoffel symbol. 

From this notation automatically follows 
for instance that in calculating the torque 


one of the currents must be changed to its 


conjugate. It should be remembered 


that: 


1. eais normally barred. 
2. iis normally unbarred. 


8. The metric tensor dag is no longer sym- 
metrical, but hermitian 


(6) 


a=a;* or dag =4Ba 


4. When in the transient equations the 
p=d/dt are replaced by jw, the spin indices 
do not refer to these new complex numbers. 
For that reason # should be replaced by kw 
where & plays a similar role to j, still it 
remains distinct from it. 


5. When the free index is a geometrical 
index s the equation represents torques. 
Hence only the real part of the torque equa- 
tions is calculated. 


The Equations of Hunting 


Making small changes in the equation 
of motion of Lagrange (equation 4) the 
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Figure 6. Salient- 

pole synchronous 

machine connected 

to infinite —_ bus 

through R-L-C tie- 
line 

Vth 


= 
XoXo /ve 


conventional nontensorial equation of 


hunting is 


d€a ORas 
= | 
Feats 8 3 AY 7 


d( 2 


#8 Ax’ + Rap dif + 


dap +Tpy, «Ai? 74+ gy, at? Ai7+ 


oe ai8 
Ox? dt 


where E, is any small impressed force. 


In the special case when dag and T 


tion. 


X- (the 


(hE n+hEy vey) 


(7) 


aB, 
are constant, the last two terms disappear, 


and the equation becomes a tensor equa- 


(5) 


RE 
vth 
Xe 


Ig *ka) 
2 


iXag 


b) Hunting Network 


The equation given in the reference is 
generalized here to include nonholonomic 
reference frames, as all examples con- 
sidered below involve nonholonomic sys- 
tems. 


The Set to Be Added and 
Subtracted 


The tensorial equation of hunting (9) 
consists of the standard equation of hunt- 
ing (7) with a set of terms AE, added 
and subtracted. The set is 


AEg=—T gy, Ser ae —Te57484?) Ant 


(r, Tg tens es +20 6, aQ5y ») Ax? 
(10) 


The tensorial equation of small oscilla- 
tions and of their geometrical analogue, 
the disturbed geodesic is well known.5~? 
Its derivation, when applied to electrical 
machinery, has been given in reference 8, 
equation 161 as 


This set may be simplified by noting 
that by the equation of motion (4) 


3 seks diP ‘ 

e® —RB gi —T 58 i% pe (11) 

Hence the set to be added and sub- 

tracted from the standard equations of 
hunting is 


Each ‘symbol in the equation is a tensor. 

Replacing each tensor by its compo- 
nent geometric objects, the above equa- 
tion may be written as (reference 8, 


equation 162): 


ah 


Ec +6b€e ; 
, 


=5(Rapi®) 


= Rag aie 


ee 
Obey a 
+0 py, ait art ( a) 
Orgs, a OV gy, « eo 
+Ksypat*i? dx’ { +( Bar en, abe ose 
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d 
4Ty5,ae7 Ax? —Tys, aR’ pi? Ax’ +aap = ff 


It should be noted that in electrical 
machinery Ax’ must always have a 


geometrical index s as Ax’, since all ob- 
jects are functions only of x*. Also in 
all the examples considered here, the two 


oe 
Ba eo AxP4Ty5, ge? Ax? 


iP AxY¥+T 8, aR pi? Ax? 


B 
; —Ax¥+4T gy, a AiPi7 


‘ a) a 
+T 3, al'py?—Tay, alps —20 pr, wu) Ax” 


+P yy, al'gs*—T rs, apy +21 pr. our) AxY (9) 
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machines run at the same speed, xS=62.—6; 
=constant, hence 7°=p(6,.—0,)=0, and 
the last term is zero. 

By allowing the free index a to assume 
the electrical variables m or the geo- 
metrical variables s, the equation of hunt- 
ing automatically separates into an equa- 
tion of voltage and an equation of torque. 
The latter may be expressed in terms of 
geometric objects of valence two G, V, 
and so forth, instead of objects of valence 
three or four. 


Tensor Form of the Voltages 
and Torques 


1. If a=m, the remaining terms may 
be expressed as 


dif 
AEm = —Tesm oR Ax'+(Dns, alas + 
QT pr, ms>)90? Ax* 


=—Dns, mpi" Ax’ +2V in, wiQes”i a" Ax + 
Ths, ml xs"t*a® Ax? 


= —Vainbi” Ab —GrinL”? V7ki" p0 Ab + 


\ 


Hence the additional term to the equation 
of voltage is (to be added and subtracted) 


(14) 


AE=(—V-pi—9,*- Vp0-i) A5 


where 6=+(62.—6;). It must be remem- 
bered that this formula is valid only if 
the two machines run at the same steady- 
state speed, p0. 

2. If a=s(6=n and p=k) 


AE3=(Linn, Vis" +20 Em, 3Qns”)0"s” Ax® 
(15) 


The first term is zero and the second term 
is 


QV Em, ng ™iFi™ Anc’ = —7*G nL Veni” Ad = 
=i; GELteV-i As" (16) 


Hence the additional term of the equation 
of torque is (to be added and subtracted) 


| AT=—1-7,*-V-ids | 


Example of Two Instrument 
Selsyns 


(17) 


the b, mesh. One of these phase shifters 
may be eliminated by rotating first all 
the axes of the second machine by ¢”. 
Then the two machines are interconnected 
(if both are expressed along sequence 
axes) by 


f, bf, 6, f, bp 


be? e— 7) (62 — 61) 


(18) 


The various tensors of the individual 
selsyns are given in reference 10. The 
resultant transient Z tensor of the inter- 


connected system is found by 
Z'=C,* -Z-C--C,;*pL-€ (19) 


given in equation 21. The corresponding 
equivalent circuits are shown in Figure 2. 


Vani Vint ps Thi 3 ; - ‘ 
n interconnecting two slip-ring induc- The voltages AE impressed on the hunt- 
AE=—V-pids—G-L-1-V-ipo Ab+ tion motors, Figure 1 (or synchronous ing networks are given in equation 22. 
V-L-1-V-ip5 (13) machines) running at an angle 6=#.—0, The torques are found by 
from each other, their equivalent circuit 
If the two machines run at the same requires two phase shifters. One with : : 0G 
speed Vpd=0, and the last term is zero. €* in the f, mesh, another with e~” in pleas eee a i aie oe 
Pedi +1 sqit sai —Psqit (Mat Mq)p (Ma-My 
(Lsa +Lsq)P (Lsa —Lgqi)P 
Y sdi =egipar Tsai +f sq sp (Ma —Myu)p (MatMy 
(Lsai—Lsqi) P (LsaitLsq)P 
(Mat+My)(p —jp0,)) (Ma = Min) (p —jph;) Fr te (Lyra t+Lrq1) . (Lyra —Lra (p— Ee (MatMy) = (Ma+My) ; 
(b—-jp) +2r+ | 7p) + (Lra:— (p—jphr) (b —jph1) 
(Lraz +Lyq2) ° Lieut [p— 
(b—jpe1) j(2p 2 — por) } 
(Ma-—Mqa)(p+jp61) (MatMq) (p+jph1) (Lrai —Lrm) 2+ (Lyra t+Lrq)- — (Ma — —€ 9 (Ma+ My) © 
(p+3p0:) + (b+)0%)+2rm+ | Me)le+ [b-+i(2p02 — aN 


eve (Lra,—Lrq2)* 
[p+j(2p02— 
p91) | 


(Lraz +L,92) i 
(b+7P%:) 


j(2p82— ph1) | po) | 


—(Ma+Ma)- 
[p+j(p92— p61) | 


= (Mh = Mo) 
e236 [p ~_ 


J(p82— p61) | 


Ysa2+1sq2+ 
(Lsae sp lbiga) 
[b+j(p2— pAr) | 


1 sa2—T sqa+ 
(Leap —Lgq2) 2 
[p+] (p92— p61) | 
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—(Ma—Mp)- 
[b-+7(p92— ph1) | 


—(MatMne 
[Pb —j(p02— pr) ] 


* 
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’ sd2— ’sq2 aF 
(Lsaz —Lgqz) [b+ 
J (p92 — p61) | 


tsda+Tsqa+ 
(Lsae arbre) : 
[p+j(p02— p61) | 
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Ads 1 Ad, 


(Lra2—Lyq)e~ "8 { — 271°" —2j[p— 


4Enb—jl(Xrast+Xrydt” —(Xmaat 
j(2p42— pb) |i°"} x alee del 


X mq2)i”? — (Ximaz—X mga)? |p + 
She SLrelt oti?" p+2j[p— 
G(2p6— p61) }i?"} 
(Lras —Lrq2) oe { Qi" p +27 lp +7 (2p0, = 4Eyip +7(Xras +X pq2)0"p == (Lyra a 
61) i} + (Mas—Mq.)e?{ —27ip— | Lig )e!® | —ji'p —2j [p+-j(2p0.— 
29 [P+j(2p02— p61) Wi} +(Mag+ P91) Ji} + (Maz — Mgy)e™* { jip+ 
Ma)e?| —2ji*p—2jlp+ 25 [bP +9(2 P02 — pr) i) + (Mast 
j(282—p6,) }i”*} M ae (ji p +27 [p+j(2p02— 
pr) ]0""} 
(Ma,— Mae { ji" p—2j[p— 
j (pO. — p6,) Ji?"} —4jepe?? + 
t | (Xmas +X mga) e ay (X saz +X gq) o 
=a (Xsap = X sq2) i? lp 
(Ma + Mq)e“®? { —ji"p —2j[p— 
j(pG2— p01) Ji?” } —Ajepe- 2? + 
j (Xmas ~ Xmas)” 7 (X sd2 = Keo)? 3 
= (X oqo 7X gno)t \p 


(Maz — Mg:)e—™? ji" +23 |b —j(02— 
£61) 1°"} +-4jepe > —j[(X mart 
x nae a (X saga tX Py as aa 
(X sao —Xyq)i? lp 

(Mat Mga)e—™? | ji" p +23 [bp —j (p02 — 
91) ]i""} +4 yjepe-?? —j (Xmas — 
Kunli Sei (X saz —Xiq)i” iz 
(X saa+X sq)i”* lp 


(22) 


It should be noted that no matter how the expressions in AE are grouped, they 
cannot be measured on the steady-state network. However if the following matrix 
(equation 14) is added to AE 


Ade Ann 


— (Lya,—Lyq2) (b —j p62) e925" + 
(Lra2 — Lge) (Pp —j p02) €~ 7° 2j7" 
as (Lraz 45 Lrq2) (p +762) 270°" + 


(Lyas— Lrg) (b —jp02)e~ 250" — 
_ CLrar—Lree)(b— 50a aj 


(Lra2 + Lyge) (p +7, p02)2ji°” — 


(23) 


1 OT (Lyaat Lees) (b+IDO) Zi" (Lras+ Leen) (D+ 500.) 250" 
el (Ma,— Mg)e~?2jpi" + (Ma,— My,)e~ 7° 2j pi" — 
27 (Ma — My) 2j pi” (Mg— Mp) 2j pi" 
py) Mart Made 258" + (Maz+Mg)e~2j pi” — 
2 


(Ma+ My)? 2j pi” (Maot+ My) 2jpi"" 


then in the presence of these additional expressions the components of AE may be 
regrouped and expressed in terms of measurable voltages and currents as 


Abs AG, 


25(X marx —Xmn€ 2 (1+h—v) ji” 
+4j(Ep,t+Ep)h 

IXrar +X p qo) 250?" (1 +h-+-v) — 
8j7Ep (1 +h+v) +47(Ey, +E p2)h 

—2j(X maz —Xmne (1+) ji" + 
4jE;sh —Aje,e 7? 

—25(X mar tX mae (L+A)ji" — 

4jEysh—4jep.e 7” 


—27(X mar—X mm)€ (1 +h—v) ji” 


—j(Xra2 +X pq)2ji"" (1 +h-+v)+ 
8jEp2.(1+h+2) 

27(X ma—Xmpe P(A +A)ji"” — 

4jE,;ht+4jEpe 7? 

27(X maz +X mq) e 76 (i= h)ji’* + 

4jEyht4jepse 7? 


(24) 


Similarly, it should be noted that in the torque equation 20 the last term can- 
not be measured off the hunting network. Hence, if to the torque equation the fol- 
lowing matrix (equation 17) 


Ads AA, 
|= j(X a2 —X rae 250" + 
j(Xraa—X rae 2j0"” 
X a2 +X7q) ot" ta 
j(XraatX1qe)2j0" 


—24b52 007 __ 


IXra—-Xrqeé aft 
Ae eae” 

—j(X pax +X yqo) 250 + 

j(X ae t+Xro)2ji” 


f, 
(25) 


—7,*-V-it7,*:-V-t= 2 
b, Vi 
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is added, then the torque equation may 
be regrouped, expressed as 
AT =i: AE’*+ Ai-E* (26) 
and measured off the hunting network as 
usual, 

The corresponding equivalent circuits 
are given in Figure 2 and the torque 
measurements in Table I, There are two 
similar hunting networks for each case of 
hunting, one containing everywhere +h 
the other —h. 

The two shaded circles represent a 
phase shifter, one shifting the current, the 
other the voltage by an angle 26. In 
writing equations for the armature mesh 
b, by tracing out the equivalent circuit, 
it has to be remembered that only one 
equation need be written since the cur- 
rent generators form only junction pairs. 

It should be noted that the curvature 
tensor enters only in the establishment of 
the voltage generator 27H, and the current 
generator 277” that appear at the terminals 
of the machines. 


Synchronous Machines 


The same method of reasoning applies 
when two salient-pole synchronous ma- 
chines are interconnected. Their equiva- 
lent circuits are given in Figure 3 and the 
torque measurements in Table II. 

When a synchronous machine. is con- 
nected to a transmission line, two cases 
are possible: : 


1. The reference frame is rigidly con- 
nected to the field pole, and the frame takes 
part in the oscillation. This case was con- 
sidered in reference 11. The disadvantage 
of the resulting equivalent circuit of hunting 
is that it requires as many generators as 
there are meshes in the transmission line. 


2. The reference frame is rigidly connected 
to the infinite bus. Since the latter is not 
assumed to hunt, the transmission network 
is free of generators. They appear now in 
the synchronous-machine field meshes, 
whose number is however few. The 
equivalent circuits for this case are given in 
Figure 4 and the torque measurements in 
Table III. The two Figures 5 and 6 are re- 
produced from reference 11. 


The results of a study made on Figures 
4-6§ are given in a companion paper.}? 
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Abnormal Overvoltages Caused by 
Transformer Magnetizing Currents in 


Long Transmission Lines 


H. A. PETERSON 


MEMBER AIEE 


A power-transmission distances have 
increased, new problems, both tech- 
nical and economic have been encoun- 
tered, analyzed, and taken into considera- 
tion in the design and operation of power 
systems. As transmission distances con- 
tinue to increase it is logical to expect 
that in addition to the already exposed 
problems, new ones may arise which pre- 
viously have not required consideration. 
It is the purpose of this paper to present 
an analysis of a technical problem which 
falls in the latter category. 

In the course of studying various prob- 
lems associated with long-transmission- 
line phenomena, it has been found by 
means of the transient analyzer that cer- 
tain combinations of transmission-line 
length and system reactance can give rise 
to overvoltages of considerable magni- 
tude when a lightly loaded transformer is 
connected to that transmission line. It 
is shown in the paper that such a system 
is most susceptible to overvoltage phe- 
nomena when the transformer is connected 
to the receiving end of that transmission 
line, although, theoretically, similar phe- 
nomena may occur for any transformer 
location including the transformer at the 
sending end. These overvoltages are in 
Paper 43-7, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
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addition to the normal fundamental-fre- 
quency voltage rise and are of a combina- 
tion subharmonic and harmonic, nature. 
In magnitude, this overvoltage may be 
twice as high as that which can be calcu- 
lated by conventional methods when 
transformer magnetizing currents are 
neglected. 

A comprehensive analysis of represen- 
tative circuits with and without series- 
capacitor compensation has been made 
to determine the regions of abnormal be- 
havior and the effectiveness of various 
practical methods for safely limiting such 
overvoltages. Such practical means for 
controlling the overvoltage include proper 
switching and relaying arrangements, 
the synchronous condenser, shunt reac- 
tors, and resonant shunts. 

The results presented include a physi- 
cal picture of the underlying mechanism 
which gives rise to the phenomenon. It 
is felt that these results will be of consid- 
erable importance from the standpoint 
of designing and operating systems in- 
volving the transmission of power over 
distances in the practical range above 200 
miles. 


Summary and Conclusions 


The phenomena discussed in this paper 
are more likely to occur when the trans- 
former is located at the receiving end and 
is lightly loaded or carrying no load. 
While an unloaded or lightly loaded trans- 
former located at any point along a trans- 
mission line can give rise to these over- 
voltage phenomena, the system is most 
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.the source end. 


susceptible to such disturbances when the 
transformer is at the receiving end of the 
line because of the normal frequency rise 
in voltage with increasing distance from 
It should be borne in 
mind that either end of a long transmis- 
sion line may become the receiving end 
in the sense employed in this study. The 
condition would probably be most serious 
when accompanied by generator over- 
speeding immediately following sudden 
loss of load caused by low side switching, 
which would simultaneously remove any 
receiving-end synchronous-condenser ca- 
pacity otherwise normally present. 

In designing a power system requiring 
transmission distances in the practical 
range above 200 miles, consideration 
should be given to the possibility of over- 
voltages such as these discussed in the 
paper. The more important factors the 
effects of which should be evaluated are 


1. System frequency (including range due 
to generator overspeeding). 


2. System reactance. 
3. Line length and losses. 


4. Receiving-end transformer size and 
saturation characteristics. 
5. Switching arrangement 


(a). Use of high side breakers, with proper re- 
laying, may prevent unloaded transformers from 
every being on the receiving end of the line. 


(b). If no high side breakers are used, care should 
be taken so that the receiving-end synchronous- 
condenser capacity is operated as an integral part 
of the line and reoeiving-end transformer. 


6. Series capacitors. 


Remedial measures which are effective 
in eliminating the overvoltages for cases 
falling in the danger region include the 
following: 


Switching arrangements (see 5 above). 


1 

2. Synchronous condensers. 
3. Shunt reactors. 
4 


Second harmonic shunts. 


Shunt reactors or the second harmonic 
shunt should be an integral part of the 
line, preferably located at or near the 
terminals of the receiving-end transformer 
for maximum effectiveness. They 
need not be on the high-voltage side of 
the transformer. To make the second 
harmonic shunt effective over a range of 
frequencies likely to be encountered as a 
result of possible overspeeding, it would 
be preferable to have it tuned for a fre- 
quency slightly higher than the second 
harmonic. However, with series capaci- 
tors, the second harmonic shunt alone is 
not capable of stabilizing the voltage at 
the receiver end. 

In some specific cases it may be desir- 
able to set up the system in miniature to 
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Figure 1. One-line diagram of system studied 


evaluate accurately the effects of all of 
the factors involved under various con- 
ditions of operation. 


System Studied 


Figure 1 shows the basic circuit ana- 
lyzed. In a system such as this, the re- 
ceiving-end transformer would become 
considerably overexcited if its load were 
suddenly lost during a system disturb- 
ance severe enough to cause the receiv- 
_ ing-end low-voltage circuit breakers to 
open. This would leave the transformer 
energized with no load and thus with only 

exciting current flowing. However, the 

magnetizing impedance of a transformer, 

while fundamentally reactive, is a vari- 

able quantity because of saturation of the 

iron core. During periods of saturation, 
_ Telatively high peak currents may flow 
momentarily. 


! 


Analysis of the problem involving a 
distributed constant line, and a saturable 
reactance would be extremely complicated 
and time-consuming using ordinary meth- 
ods. Therefore the transient-analyzer 
method of miniature-system representa- 
tion, which is ideally suited to the study 
of such nonlinear circuit phenomena,?!%" 
was used. For the purpose of analysis by 
this method, the system of Figure 1 was 
set up as shown in Figure 2. The arti- 
ficial transmission line and the miniature 
transformers used at the receiving end 
have been described previously,!? and so 
no space will be devoted to a description 
of the miniature system in this paper. It 
will be sufficient to point out that the 
abruptness of transformer saturation 
could be varied simply by varying X, as 
shown in Figure 3. The values of X; used 
were always small relative to X,, so that 
X,, remained substantially independent 
of X;,/Xm. Consequently the connected 
receiving transformer kilovolt-amperes re- 
mained essentially independent of X;/Xm, 
and only the saturation characteristic 
of the receiving-end transformer was 
modified by varying X,/X,, as shown in 
Figure 3. Each single-phase transformer 
used at the receiving end hdd a magnetiz- 
ing impedance of X,=13,000 ohms at 
normal voltage of 110 volts. Two of 
these units could be put in each phase in 
parallel, thus halving the value of Xp, Or 
two units could be put in series in each 
phase (provided values of E tn volts were 


January 1943, VOLUME 62 


Figure 2. _—‘Three- 
phase miniature sys- 
tem equivalent of 
the system shown in 
Figure 1 


TO 2:1 
SINE WAVE TRANSFORMER 
GENERATOR 


doubled) thus doubling the value of 
Xm. Inany case, the receiving-end trans- 
former kilovolt-amperes to be associated 
with any value of Y,, is given by the fol- 
lowing relation. 


- _Kv*X1,000 
re kva XI, 


where 


X,, is the receiving-end transformer mag- 


netizing reactance in ohms per phase at 
normal voltage 

Ky is normal system line-to-line voltage 

Kva is the receiving-end transformer-bank 
rating 

I is the exciting current in per unit per 
phase at normal voltage. 


Thus, if Y,,=13,000 ohms, and if a three 
per cent exciting current and a 230-kv 
system are assumed, the receiver-end 
transformer kilovolt-ampere rating rep- 
resented by the miniature system would 
be 
(230)?(1,000) 
Rh Se 


# = 135,000 k 
13,000(0.03) a 


Provision was made for operating the 
receiving-end transformer with or with- 
out the delta open. Shunt reactors or 
resistors of variable kilovolt-ampere rat- 
ing, as well as resonant shunts and syn- 
chronous condensers, could be switched 
in at the receiving end. Series capacitors 
for line-reactance compensation could be 
inserted as desired. Provision was made 
for varying the resistance of the trans- 
mission line and of the receiving-end 
transformer and for varying the sine- 


TIMES NORMAL VOLTAGE 
(RMS OF SINE WAVE) 


5 10 15 20 
TIMES NORMAL RMS EXCITING CURRENT 


° 


Figure 3. Saturation curves used in this study 


D-c resistance of winding expressed as a ratio 
to Xm isO0.0003. Xm_=13,000 ohms at 110 
volts, 60 cycles, for one transformer 
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GENERAL SYSTEM DIAGR : 
AM TRANSFORMER” * 
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TRANSMISSION LINE 
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Xp OR Rp 


wave generator voltage, thus changing 
the operating flux density in the receiv- 
ing-end transformer as desired. Conse- 
quently numerous factors separately or 
in combination could be carefully studied. 

The effect of lightning arresters in 
limiting these overvoltages and thus pro- 
tecting terminal equipment was not in- 
cluded in this study. It follows from the 
results revealing the nature of the phe- 
nomenon, however, that lightning arrest- 
ers may be damaged by such sustained 
overvoltages. 


Nomenclature 


E=voltage back of X, in per unit 

X,=source reactance 

X,= transformer series reactance (for satura- 
tion adjustment) 


/ zero-sequence line reactance 
LN AC ano a Ae aS ae re nro. 
positive-sequence line reactance 


line resistance aS 
r,/x; = (positive sequence) 


line reactance 
Vr= 
voltage at receiving end with transformer 


voltageatreceiving end without transformer 


Xa/Xr = 
(positive-sequence capacitive reactance) 


shunt reactance 


line resistance 


ro/xo= (zero sequence) 


line reactance 

f=cycles per second 

Xm=Magnetizing reactance in ohms at 
normal voltage and frequency 

Xa, Xco=positive- and zero-sequence shunt 
capacitive reactance of line respectively 

X 5, =series-capacitor reactance 

X ,=nonsaturable reactance in parallel with 
X se 

R=resistance in parallel with X,, 

X,=nonsaturable shunt reactance at re- 
ceiving-end transformer terminals 

Rr=shunt resistors at receiving-end trans- 
former terminals 


Discussion of Results 


With the system set up as in Figure 2, 
curves as shown in Figures 4a and 4b 
were obtained. It should be emphasized 
that the voltage Vp is a ratio of crest 
voltage to ground at the receiver end 
with the transformer connected, to the 
crest voltage at the same location with 
the transformer disconnected. Thus the 
normal rise in the line is eliminated from 
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(b). Delta open 


Figure 4. Voltages Vp obtained in the system 
of Figure 2 


X,=86 ohms 

f =60 cycles per second 
Xo/x1 = 4.0 

n/xi=0.1 

X:/Xm= 0.014 

Xm= 13,000 ohms 

No series-capacitor compensation 
No load on system 

No shunt reactors 


the results, and the effect of the trans- 
former alone is shown by these figures. 
The oscillograms shown in Figure 5 are 
typical illustrations. No two of these 
oscillograms were taken simultaneously, 
so it is not possible to correlate instan- 
taneous values of voltage and current. 
However, the variation in voltage and 
current wave shapes with time is indi- 
cated. The voltage is seen to be made up 
largely of a second harmonic and sub- 
harmonics. The current traces clearly 
show evidence of subharmonics and even 
harmonics. The time required for this 
condition to be reached following sudden 
loss of load varies from a couple of cycles 
to a second or two depending upon the 
value of EZ and the system constants. 
The values of E maintained back of X, 
range from a maximum of 1.1 down to 
values such that the effect of the trans- 
former is negligible from the standpoint 
of producing overvoltages. It is felt that 
this covers the practical range, including 
the case:of sudden loss of load at the 
receiving end. Unit voltage H=1.0 
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Figure 5. Oscillo- 
grams showing the 
nature of the phe- A, Aa i 
Ad 
nomenon i Ys 


System constants as 
in Figure 4a, with 
390 miles of line 
A. Vp—Phase-A 
voltage to ground at 
receiving-end trans- 
former terminals 


B. Receiving-end 
phase-A_ transformer 
magnetizing current 


(e Voltage to 
ground at sending 
end times that which 
would exist without 
the transformer 


defines the normal operating point on the 
saturation curves of Figure 3 when applied 
directly to the terminals of the trans- 
former. 

It is to be noted that if Z is reduced ap- 
proximately to values such that the re- 
ceiving-end transformer is not overex- 
cited, no overvoltages will occur. It is of 
significance also that the region of ab- 
normality is not greatly affected by the 
delta being opened or closed. Further- 
more, the phenomenon is essentially inde- 
pendent of the method of grounding the 
receiving-end transformer neutral when a 
closed delta winding is present. 

It should be noted that, while the sys- 
tem studied is characterized by a “‘send- 
ing end” and a “receiving end,” in the 
actual case, either end may become the 
receiving end in the sense employed here. 
That is, during a system disturbance, 
either end of the line may be switched 
out on the low-voltage side, leaving an 
unloaded system of the type illustrated 
in Figure 2. 

Similar tests numerous 
miniature-system conditions have made it 
possible to summarize the effect of source 
reactance X, as shown in Figure 6. Since 
the case of the delta open is of little prac- 
tical significance, only the delta-closed 
condition is shown. 


made under 


This figure shows 
the regions in which Vz is greater than 
unity in terms of miles of transmission 
line and source reactance in ohms. Since 
the delta being opened has little effect 
on the region of abnormality in general, 
it is to be concluded that the reactance 
of the tertiary winding is of little conse- 
quence. Furthermore the negligible effect 
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Wasa ry" a 4 . 


of the delta being opened has some signifi- 
cance from the standpoint of the theory 
involved, as will be shown later. 

The curves of Figure 6 indicate that 
overvoltages are to be expected over a 
range of line lengths from 200 miles on 
up to slightly over 400 miles when the 
system frequency is 60 cycles per second, 
and source reactances are in the practical 
range. With lower frequencies the line 
lengths could be increased inversely as the 
frequency before encountering the dif- 
ficulty. The maximum value of Vp ob- 
tained was 1.8 with the delta closed, and 
the length of line producing the maximum 
overvoltage is shown to increase as the 
source reactance decreases. Thus, under 
system conditions corresponding to these, 
voltages on the order of twice those nor- 
mally expected may exist at the terminals 
of the receiving-end transformer if the 
line length and system source reactance 
are in the right combination, and if cor- 
ona and lightning arresters are not volt- 
age-limiting factors. 
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Figure 6. Boundaries of overvoltage region 
as affected by line length and source reactance 
with receiving-end transformer delta closed 


Frequency 60 cycles per second 
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_ While the curves of Figure 6 are for the 

transformer located at the receiving end 
of the transmission line, it can be shown 
(see Appendix II) that the critical com- 
bination of length of line and source re- 
actance which is susceptible to these 
phenomena is independent of the trans- 
former location. Even the sending-end 
transformer can produce the same phe- 
nomena for the same. range of constants 
shown in Figure 6. However, a somewhat 
higher range of values of E (voltage back 
of equivalent system reactance, X,) 
would be required to give rise to the 
phenomenon in this case. The receiving- 
end transformer location renders a given 
system more vulnerable to such disturb- 
ances because of the normal-frequency 
voltage rise in the line. 

The effect of the voltage E maintained 
within the system is shown in Figure 7 
for the same case as in Figure 4. As the 
system voltage is decreased, the range of 
system constants capable of giving rise 
to this abnormality decreases, and at 
E=0.8 the phenomenon disappears en- 
tirely. This suggests the theoretical 
possibility of avoiding such overvoltage 
phenomena by using low-flux density 
transformers, although other means may 
generally be more desirable. 

The effect of varying the magnetizing 
reactance X,, is illustrated in Figure 8. 
It is believed that this covers the practical 


+ 


Va- MAXIMUM 


MILES OF TRANSMISSION LINE 
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Xm- OHMS 
Figure 8. Effect of varying the receiving-end 
transformer magnetizing reactance Xs 


System constants as in Figure 4a 
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range of X,, and shows that the phenome- 
non is not critical to a particular value 
of Xm. Obviously if X,,is © the value of 
Vr=1 as shown, and if very high values 
of X,, are connected to the transmission 
line, little disturbance of the type under 
discussion would be expected. In order 
to make the results more general, values 
of X,, are given in ohms, but they can 
readily be converted to specific trans- 
former kilovolt-ampere ratings in sys- 
tems of given voltage rating, if the 
magnetizing current in percent is known or 
assumed. The formula given in the pre- 
ceding section can be used for this pur- 
pose. 

The effect of line resistance is illus- 
trated in Figure 9. It appears that, if 
ri/x, could be as high as 0.4 or higher, the 
phenomena would not occur. However, 
practical values of 7;/x, in lines such as 
these under discussion would fall con- 
siderably below this value—on the order 
of 0.2 or less. Therefore line resistance 
would not be expected to eliminate the 
overvoltages in a practical case. Further- 
more, any attempt to increase the circuit 
resistance may result in an increased 
tendency for hunting to take place.*41? 

The effect of steepness of saturation is 
illustrated in Figure 10. It is evident 
from this illustration that the phenome- 
non is not critical to the abruptness 
of saturation over a practical range, al- 
though the more abrupt saturation char- 
acteristic in general appears to lead to 
higher voltages and broaden the range of 
constants for which they may be obtained. 


The effect of generator overspeeding is 
illustrated in Figure 11. A system nor- 
mally not in the region of overvoltages 
may be brought into the region by genera- 
tor overspeeding as a result of loss of 
load. 


After observing the effects of various 
factors in producing these overvoltages, 
means were investigated for controlling 
them. Among the first means investi- 
gated was shunt reactors placed at the 
terminals of the receiving-end transformer. 
The ability of reactors to accomplish 
the desired purpose is illustrated in 
Figure 12. It is interesting to note that 
shunt reactor kilovolt-amperes as high as 
65 per cent of normal line-charging kilo 
volt-amperes may be required to keep Vz 
down to unity. This amount of reactance 
does not include compensation for the 
normal rise in the line since Vp as defined 
is independent of the normal rise in volt- 
age in the line. If generator overspeed- 
ing is an appreciable factor, shunt reac- 
tors to take care of the normal funda- 
mental-frequency rise in the line may not 
prevent the occurrence of this phenome- 
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Figure 9. Effect of line resistance 


System constants as in Figure 4a 


non because of the increase in applied 
frequency. 

Figure 13 indicates that if the receiv- 
ing-end transformer saturates more 
abruptly, more reactor kilovolt-amperes 
may be required to stabilize the voltages 

Figure 14 suggests that the maximum 
required X,/X,p is likely to increase as 
the value of X,, decreases. This is repre- 
sentative for the practical range of Xin. 

Figure 15 shows that a synchronous 
condenser is very effective in eliminating 
the overvoltage hazard. In most actual 
cases, a condenser at the receiver end of a 
size greater than the minimum required 
for overvoltage stability would likely be 
present. Consequently this is one very 
practical and effective means of overcom- 
ing the difficulty. However, provision 
must be made for keeping the condenser 
on the system, even though the load is 
lost. Thus, in addition to controlling 
the fundamental-frequency voltage at the 
receiver end during normal load condi- 
tions, a condenser is expected to be ef- 
fective in eliminating abnormal harmonic 
and subharmonic voltages such as these 
during system disturbances. 
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Figure 10. Effect of abruptness of transformer 
saturation at receiving end 


System constants as in Figure 4a 
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System constants as in Figure 4a 


The curves of Figure 15 require some 
discussion, because they show a minimum 
condenser requirement for the length of 
line giving rise to the maximum values 
of Vz. Practically, however, the neces- 
sity for reducing Vp at all is greatest 
when Vez is greatest. Therefore, for 
practical purposes, the maximum con- 
denser requirements for this given case 
are more nearly the minimum values 
shown in Figure 15. In other words, a 
condenser of 15,000 kva would probably 
be adequate for keeping V, from becom- 
ing destructive in magnitude for this case. 

One other very effective means that 
has been found for eliminating the over- 
voltages is the resonant shunt located 
at the receiver-end transformer. The 
shunt may be either delta- or wye-con- 
nected. If wye-connected, it makes no 
difference whether the neutral point is 
grounded or not. Its effectiveness is il- 
lustrated in Figure 16. The reason for 
the effectiveness of the second harmonic 
shunt is discussed in the following sec- 
tion. 

The effect of series capacitors at the 
mid-point of the transmission line is 
illustrated in Figure 17. Series capacitors 
at the mid-point of the line for 50 per cent 
compensation of the line drop were used 
for this case. The region of abnormality 
was broadened considerably by the pres- 
ence of the series capacitors as can readily 
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Figure 13. Effect of abruptness of saturation 
on the required shunt reactor kilovolt-amperes 
to reduce Vz to unity 


System constants as in Figure 4a 


be seen by comparing this figure with 
Figure 4a or 4b. The reason for this 
broadening of the region of abnormality is 
that an additional phenomenon, different 
in nature, is introduced by the presence 
of series capacitors.4 This is discussed 
further in the section headed ‘‘Theory.”’ 

It is possible to eliminate the phe- 
nomenon entirely by using shunt reactors 
located at the terminals of the receiving- 
end transformer. The amount of react- 
ance required is shown for one case in 
Figure 18. In this figure also is shown the 
amount of shunt resistance required for 
the same case. 

The possibility of using a resistor in 
shunt with the series capacitor has pre- 
viously been given some consideration.‘ 
A reactor in parallel with the series capaci- 
tor also is effective as shown in Figure 19, 
although for this case, the effectiveness of 
either a resistor or reactor so placed de- 
creases rapidly for lengths of line above 
280 miles. 

In Figure 20, the curves show the 
amount of reactance or resistance re- 
quired in parallel with the series capacitor 
for the same case, the only difference being 
that a second-harmonic resonant shunt 
has been connected to the terminals of the 
receiving-end transformer. Reactance 
is seen to be quite effective as a means of 
eliminating the phenomenon in this case 
for line lengths up to well over 400 miles, 
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line-charging kilovolt-amperes 
220 in accordance with the insert. 
System constants as in Figure 4a 
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Figure 14. Effect of magnitude of X,, on the 
required shunt reactor kilovolt-amperes to 
reduce Vp to unity 


20,000 


System constants as in Figure 4a 


while resistance is not nearly so effective. 
Furthermore, resistance is undesirable 
since it introduces losses during normal 
load conditions which in the proportions 
required would be intolerable in some 
cases. 

A condenser of practical size at the re- 
ceiving end is very effective in eliminating 
the voltage instability, either with or 
without series capacitors. 


Theory 


The cause of the phenomena discussed 
in the preceding section can best be under- 
stood by first considering a single-phase 
circuit as shown in Figure 21. Here the 
essential elements of the three-phase cir- 
cuit of Figure 2 are present, the trans- 
mission line being represented by a capaci- 
tor, X,, and the source reactance by 
X,. The transformer X,, which can be 
connected or disconnected by the switch, 
corresponds to the receiving-end trans- 
former of Figure 2 where X, and X,, de- 
fine the transformer characteristics. 

With V, defined as in the preceding 
discussion the results obtained by varying 
X,/X, and X,,/X;, are shown in Figure 
22. Here two peaks of overvoltage are 
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Figure 15. Synchronous-condenser capacity 
required at the receiving end to reduce Vp to 
unity 


System as in Figure 4a, with X;/X,,=0, tran- 

sient reactance of condenser assumed to be 

30 per cent on rating in 230-kv system. 

Voltage back of transient reactance of con- 
denser, 133 per cent 
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Figure 16. Effect of resonant shunt on Vx 


Shunt consists of reactor and capacitor in 

series located at the terminals of the receiving- 

end transformer. Reactor 6.0 henrys. Capaci- 

tance varied. System constants as in Figure 4a 
with 320 miles of line 


shown, one largely of second-harmonic 
and subharmonic nature for X,/X, just 
below 4 and the other largely of third- 
harmonic nature for X,/X, just below 9. 
The higher values of X,,/X, cause the 
peaks of overvoltage to move closer to 4 
and 9 respectively. Now when X,/X, = 4, 
the circuit viewed from the switch loca- 
tion with the switch open is tuned to the 
second harmonic, and when X,/X, =9, 
it is tuned to the third harmonic. 

For the case of X,/X, just below 9, it is 
not difficult to see why overvoltages will 
occur. If X,/X;, = 9, the impedance of 
the circuit viewed from the switch with 
the switch open is infinite to the third 
harmonic neglecting resistance. Conse- 
quently, in trying to supply the required 
third to the transformer, a large third- 
harmonic drop is encountered, and this 
shows up at the transformer terminals 
as indicated in the curves. If X,/Xy, is 
lower than about 7.5 and higher than 
about 12, the impedance to the third 
harmonic required by the transformer is 
low enough essentially to eliminate the 
overvoltages of the third-harmonic type. 

It is to be noted that the overvoltages 
of this type are a maximum when X,/X, 
is slightly less than 9. This means that 
the system impedance is capacitive and 
o a high value to the third harmonic. 
This is to be expected since, with the 
switch closed, the path for third har- 
monics includes X,, also, which, while dif- 
ficult to evaluate under these saturated 
conditions, nevertheless is fundamentally 
reactive to the third and probably com- 
pensates for the resultant capacitive 
reactance of the system to bring the over- 
all system more nearly in tune to the third 
harmonic at the point giving rise to the 
maximum Vp, shown in Figure 22. 

With regard to the peak values of Vp 
for X,/X_, slightly less than 4, the ex- 
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Figure 17. Relationship between Vz and 
miles of line with series capacitors 


Series-capacitor kilovolt-amperes at mid-point 

of line correcting for 50 per cent of line 

reactance drop. System constants as in 
Figure 4a. ES1.1 


planation is more difficult, because, while 
the system impedance with the switch 
open is infinite (neglecting resistance) to 
the second harmonic when X,/X,=4, 
the transformer in normal steady-state 
operation with sinusoidal voltage applied 
does not require a second harmonic toflow. 
Consequently the preceding explanation, 
while satisfactory for the region of third- 
harmonic overvoltages is not satisfactory 
for the region of second-harmonic over- 
voltages. 

In order to visualize the cause of the 
second-harmonic overvoltages, it is de- 
sirable to substitute the equivalent cir- 
cuit of Figure 23 for the circuit of Figure 
21. In this figure, the two reactances 
X, and X, correspond to the reactances 
so labelled in Figure 21. The reactances 
X,, and X, are constant (not saturable) 
and represent the transformer of Figure 
PAV. 

In ths equivalent circuit, the satura- 
tion of the transformer is represented by 
two straight lines as shown in Figure 
23b. The effect of saturation of this type 
is introduced in the equivalent circuit 
by closing switch S at every instant that 
the current 7 into the equivalent trans- 
former exceeds a critical value and open- 
ing it at every instant that the current 7 
falls below this critical value. In the 
illustration of Figure 23b, this critical 
value has been arbitrarily taken to be 
0.9 of the crest value which would be 
taken by X,, if the switch S were never 
closed. On this basis the switch S would 
be opened and closed every half-cycle of 
fundamental frequency, or the switching 
cycle would be repeated at a frequency 
corresponding essentially to second-har- 
monic frequency, and, since the circuit 
made up of X, and X, is approximately 
tuned to the second harmonic, it is to be 
expected that the transient oscillations 
will be those corresponding at least ap- 
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200 300 400 
MILES OF LINE 
Figure 18, Shunt reactance or resistance re- 
quired at the receiving-end transformer ter- 
minals to hold Vp down to unity for E<1.1 


System constants as in Figure 4a with 50 per 
cent series-capacitor line-reactance drop com- 
pensation at the mid-point of the line 


proximately to the natural frequency as 
dictated by X,/X,. 

Furthermore, this concept aids greatly 
in visualizing the production of subhar- 
monics as well as the second harmonics, 
Consider the equivalent circuit as oper- 
ating in a steady-state condition with 
switch S open. Then assume that on 
some half-cycle, saturation is to be in- 
troduced in accordance with the preced- 
ing theory. This will mean that switch 
S must be closed when 1 reaches 0.9 of the 
crest value it had been reaching on pre- 
vious half-cycles. This instant can also 
be defined with respect to the funda- 
mental-frequency voltage wave. Follow- 
ing the closing of the switch, a high peak 
of current will flow momentarily, and, 
when the total 7 returns to 0.9, switch S 
will be opened. This will leave a natural 
frequency oscillation in the circuit, and, 
when the current + has gone through zero 
and reaches a value of 0.9 again, switch S 
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200 300 500 600 


400 
MILES OF LINE 


Figure 19. Resistance or reactance required 
in parallel with series capacitor to hold Vp 
down to unity for ES1.1 


Xe =reactance of series capacitors 
X, =reactance in parallel with Xg¢ 
R  =resistance in parallel with Xs. 


Other system constants as in Figure 4a 


50 per cent series-capacitor line-reactance 
drop compensation at the mid-point of the line 
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Xsc/R OR Xsc/Xi 


500 600 


200 300 


400 
MILES OF LINE 


Figure 20, Resistance or reactance required 
In parallel with series capacitors to hold Vx 
down to unity for E<1.1 


Xz- =reactance of series capacitors 

X;, =reactance in parallel with X;. 

R_ =resistance in parallel with Xs, 

Second harmonic shunt at receiving-end trans- 
former terminals. Shunt made up of 2,000 w 
inductance in series with 0.32-microfarad 
capacitance wye-connected and ungrounded. 
Other system constants as in Figure 4a. 50 
per cent series-capacitor line-reactance drop 
compensation at the mid-point of the line 


must be closed. This time, however, the 
instant of closing is not the same with 
respect to the fundamental-frequency 
voltage wave as it was on the first half- 
cycle because of the transient condition. 
However, the switch must be opened 
again when the current decreases to 0.9 
in accordance with our criterion. Fur- 
thermore, the next half-cycle will likely 
require that switch S be closed at still a 
different point on the voltage wave so that 
several cycles may elapse before two 
cycles are identical or nearly identical. 
Consequently subharmonics must ap- 
pear, and the lowest subharmonic will 
be that corresponding to the period in 
cycles of fundamental frequency required 
for the exact initial conditions of closing 
switch S to repeat. It is conceivable that 


in a very low loss circuit, this might take 


a very long time, that is, the subhar- 
monic frequency might be very low. 

The preceding analysis of the single- 
phase circuit can be applied directly to 
the three-phase case by recognizing that 
the regions of abnormality in the single- 
phase circuit were associated with circuit 
constants which offered infinite impedance 
to the second or third harmonics. In 
Figure 24, the relationship between miles 
of line and source reactance for which 


XL SW. X¢ 


Figure 21. Single-phase lumped-constant 


circuit studied 
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FOR Xm/X_ 


C) 5 10 15 20 
Xe/X 
Figure 22. Results obtained in the study of 
the circuit shown in Figure 21 


infinite impedance is offered to harmonics 
is shown. Also the region in which Vz 
was found to be greater than unity (from 
Figure 6) is shown. It is significant that 
this region is close to the curve giving the 
relationship between miles of line and 
source reactance which offers infinite 
impedance to the second harmonic, Thus 
it corresponds to the single-phase case 
which for X,/X, slightly less than 4 gave 
rise to overvoltages of a similar nature. 
Furthermore, the maximum values of 
overvoltage in the single-phase case oc- 
curred when X,/X, was slightly less 
than 4. This meant that the impedance 
of the system was actually capacitive. 
In Figure 24, the region of abnormality 
lies above the line defining infinite im- 
pedance to the second harmonic. This 
also means that the reactance in this re- 
gion is capacitive, thus further establish- 
ing the similarity between the three- 
phase and the single-phase case. e 

In Figure 24, a curve is shown for in- 
finite impedance to the third harmonic. 
Infinite impedance to the third harmonic 
occurs naturally for shorter line lengths 
than for the second harmonic for a given 
source reactance. However, with a re- 
ceiving-end transformer having a closed 
delta, the third harmonic is not neces- 
sarily supplied from the line, and there- 
fore the system impedance has little 
effect. If the receiving-end transformer 
had no closed delta, then a region of over- 
voltages should be expected here of third- 
harmonic nature corresponding to the 
case of X,/X, slightly less than 9.0 in 
Figure 22. This region does exist but is 
considered of little practical significance 
in connection with this paper and so is not 
included in the curves. 

The question as to why the delta being 
opened or closed made little difference 
in the phenomenon is answered in Figure 
24. Curves showing the relationship be- 
tween miles of line and source reactance 
for zero impedance viewed from the re- 
ceiving end are shown. The curve for 
zero impedance to the third harmonic is 
shown to fall partially within the region 
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of abnormality, near its upper extremity. 
Thus in the abnormal region the system 
offers a low impedance to third-harmonic 
currents, and it makes little difference 
whether the receiving-end transformer 
has a closed delta or not, since in either 
case third-harmonic current can easily 
be supplied. 

The preceding discussion would not be 
complete without some mention of why 
the second-harmonic shunt is so effective 
in reducing the abnormal condition in 
the long lines case. In the single-phase 
case, the third-harmonic region of over- 
voltages could be eliminated by a third- 
harmonic resonant shunt, while the sec- 
ond-harmonic region could be eliminated 
by a second-harmonic shunt. By analogy 
between the single-phase and three-phase 
circuits it is evident that the abnormal 
region shown in Figure 24 or Figure 6 can 
be eliminated by a second-harmonic 
shunt. Furthermore, for reasons just 
mentioned, with the delta closed, no re- 
gion of abnormality appears for the third 
harmonic. Consequently, for the delta 
closed condition, which is the practical 
case, a second-harmonic shunt is com- 
pletely effective in eliminating the 
abnormal condition brought about by ex- 
citing power transformers through long 
lines, 

The preceding analysis has dealt with 
only the second and third harmonics. 
Higher harmonics, when suppressed by sys- 
tems offering infinite impedance to them 
will produce voltage distortions, but the 
overvoltages produced will in general be 
of no practical significance as compared 
to the phenomena as discussed in this 
paper. 

While the foregoing discussion has 
dealt primarily with long lines carrying 
magnetizing currents, it is possible that 
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Figure 23. Equivalent circuit (system of 


Figure 21) for visualizing the underlying cause 
of the phenomenon 
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_ Phenomena observed may be en- 
tered in other cases when the load 
_ Tequires harmonic currents to flow 
_ through long lines or from sources which 
_ tend to suppress them. 

‘ When series capacitors are present, the 

impedance of the system viewed from the 
_ receiving-end transformer terminals re- 
- mains only slightly changed as far as 

harmonics are concerned. This is readily 
understood, because with any practical 
series-capacitor compensation the react- 
ance of the series capacitor varies in- 
versely as the frequency. Consequently, 
in the region which caused voltage insta- 
bility without series capacitors, it is to be 
expected that instability of the same type 
will be found with series capacitors. In 
addition, the presence of series capacitors 
introduces the possibility of series reso- 
nant conditions in a nonlinear circuit con- 
sisting essentially of source and line 
reactance, series capacitor, and saturable 
reactor (transformer) which accounts for 
the broadening of the region of abnormal- 
ity shown in Figure 17. This circuit has 
been discussed in the technical press, and 
its behavior is generally well under- 
stood.*~* It generally requires some form 
of “shock’’ excitation in order for the 
subharmonics to appear. That is, there 
are several modes of ultimate behavior 
depending on the initial conditions. This 
is in contrast to the phenomenon charac- 
teristic of the circuit shown in Figure 21 
which is discussed in this paper and which 
generally does not require shock excita- 
tion for the phenomenon to appear. The 
harmonics and subharmonics appear spon- 
taneously, within a few cycles generally, 
and represent the only mode of steady- 
state behavior for the circuit. That is, 
the circuit can respond only in accordance 
with the curves of Figures 4a and 4b 
whether the system voltage is raised 
gradually or whether the system is sud- 
denly energized. 
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In the equivalent circuit of Figure 19, the 
per-unit current is (base current =1/L,) 
through the switch following the closing of 
it at an initial angle 6 after a positive volt- 
age crest (assumed to the unity) is 


is; =A sin (t+0:) +B; sin (wett+¢1)+D: (1) 


where 
A; _Xm(eo?— 1) 
X (we? — 1) 


eae 2 SSeS SS 
By Bes See) V sin? 0+? cos? 6; 
Xwc(1 —w¢?) 


Nee cone sin 6; 


Dee vio 
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aera ytatty 
; be gh 


the circuit natural frequency in per unit 
with switch S open 


ese 
XmX1X35 


the circuit natural frequency in per unit 
with the switch S closed 


sin 0, 
V sin? 0:+we? cos? 0; 


sin i= 


The current 7 flowing into the equivalent 
transformer is 


1 =A)’ sin (t+6,)+ By,’ sin (wot+¢i)+Dy' 
(2) 


where 


: x 
D,’ =sin at(142*)p, 


m 
The voltage across the capacitor is 


@c = F, cos (t+) +G; cos (wet+¢1) (3) 


where 


Pe Kapa 1) 
(wco?—1) 

eft es ee ee 

G,= a See V/ sin? 6; +w¢? cos? 6; 


wc(1—w?) 


Interrupting the current ts, the voltage 


across the capacitor is 


€o1 =cos (t+6;') + sin w t+ X 
cos (wett+ea1)+Kicos (wot+ fi) (4) 
=cos (t+6;’) + Mi cos (w,t+2) 


where 


(w_?—wo?)w, Sin 6; 


H = 
wo? 
2 — oy 2) —— 
J; = eee 4/ sin? i+w? cos? 0, x 
wo?(1—wo?) 
Mh cdct cos? 6;+w,” sin? 6 
(w,? — wc?) 3 ; 
K,;=— V/ cos? 6,’ + w,? sin? 6,’ 
(we?—1) 
6, =woltytdi 
6,’ =tyth 


ty is the interval of time in radians during 
which the switch was closed 


W, sin 6; 


“7 wait cos? 6:-+w,? sin? 6; 


sin an 


wc COS 6; 


AS tie cos? 6:+w,? sin? 6 


cos ay — 
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Wg sin 6,' 


sin A= 
~/ cos? 61’ + we? sin? 0, 


cos 6,' 
a 
4/ cos? 01'+-wo? sin? 6; 


The current 71 becomes 


cos Bi = 


: H uf 
To, =sin (t-+6;) ——~ cos ete x 
@, [oo 


K 
sin (welt an) sin (wot+ fr) (5) 


Closing the switch at the next instant when 
the current 7 reaches the critical value 


igg,=A, sin (t+62)+By sin (wot+qr)+ 
Di+M,S2 sin (wot+2)+W2M (6) 

A, defined in equation 1 

Xm(wo?— wc?) 


B,= 
© Xwo'(l—wo?) 


VJ, sin? 0.-+-w¢? cos? 02 


X mo” Sit Oo 


D, = 
X sw? 
62 =ty +t +6 
; sin 02 
sin d2 = 


VJ sin? 02-+w¢? cos? Oy 


~ Wo COS 2 
COS'0s = = 
/ sin? 42.-+-w¢? cos? 02 
NGS ——$$$________— 
neers N/a sin? A,t+wo?cos? As 
WC X g a 
: w, sin As 
sin Y2o= 2 


Vias sin? Aotw? cos? Ao 
wo cos A, 

Cs = =F ee 
V/ cag? sin? A,+w? cos? A, 


A,=angle of w, frequency voltage past 
positive voltage crest when switch 
is closed 


XmWo Sin Az 


Wr=- ; 
Xswo 


The voltage across the capacitor is 
Xs; dig, 

6, = 

ex at 


and the current t,. into the equivalent trans- 
former is of the form of equation 2. 

At the time of interruption, the current 
ip, takes the form of equation 5 subject to 
the new boundary conditions. The voltage 
€, takes the form of equation 4 also subject 
to the new boundary conditions. 

This procedure can go on for as long as 
desired, each time imposing the new bound- 
ary conditions. It can be seen readily that 
these successive boundary conditions will 
not in general be the same for adjacent 
cycles of fundamental frequency. That is 
OitaHOe, Oot+7¥)s, On 3 On 41. 
Ultimately, however, 0,+ar=On+q and a 
definite subharmonic frequency will appear. 
Furthermore, the voltage oscillation across 
the capacitor will be of fundamental fre- 
quency plus a natural-frequency oscillation 
which is predominantly that defined as w,, 
the natural frequency of the system with the 
switch open. This is brought about by the 
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fact that the switch S is closed in general 
only a short fraction of a fundamental- 
frequency period, and that period is gen- 
erally in the vicinity of fundamental-fre- 
quency voltage zero. Therefore, it is to be 
expected that when circuit losses are low, 
the natural frequency of the circuit with 
the switch open and subharmonics will ap- 
pear across the capacitor in the circuit of 
Figure 23. 
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Viewed from the receiving end, the system 
of Figure 1 or 2 neglecting losses offers an 
impedance® 


wL, cos wly\/LC+ \. sin wl>/LC 
Z,=]j — (1) 
A co ~— 
cos wl>/LC—wLs a sin wl/LC 


where 


Z,=inductance per mile in henrys 
C=capacitance per mile in farads 
L,=source inductance in henrys 
w=2rf 
]=length of line in miles 


In the transient-analyzer artificial line 


L=0.002 henry per mile 
C=0.016 microfarad per mile 


For Z,= ©, the criterion is 


cos wl+/LC—aLs \< Sin win/ LO=0) (2) 


or, rewriting 
Zits 


when 


— 1 
tan oVEC= (3) 
ols YC 


This equation was used with the above 
numerical constants for plotting the curves 
relating source reactance and miles of line 
to give infinite impedance in Figure 20. 

For Z,=0, the criterion is 


wL, cos wl>/LC+ \" sin wl+~/LC=0 (4) 
or, rewriting 
Z,=0 


when 
(e 
wl>/LC= —wL,s \° (5) 


This equation was used with the above 
numerical constants for plotting the curves 
relating source reactance and miles of line 
to give zero impedance in Figure 24. 

It can also be shown that the relationship 
between source reactance wl, and line 
length to give infinite impedance is inde- 
pendent of the point considered along the 
line. If ] is the total length of line con- 
sidered, and d is the distance between the 
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Figure 24. Relationship between miles of 

line and source reactance which offers infinite 

or zero impedance to harmonics viewed from 
any point along the line 


. 


Resistance neglected 


sending end and the point from which the 
impedance is to be determined, then 


ne y cotul=a)s/LCGx 
wl, cos wh>/ LC+ NG sin wd1/LC 


cos od VEC wly/ ¢ Sin oda/LD. 


= jaf cot w(l—d)»/LC+jX 


wLs cos wd+/LC+ Ne sin wd+/LC 


cos od VEC— ala] € sin wd/LC 
L ue 
-¥ cot w(l—d)+/LCX 
se @. i 
Ez cos wd+/LC+ \< sin iVrC | 
£ 
| —yEent w(l—d)V/ re |x 


E wdr/LC—wls y° sin wivic | x 


a 


wL, cos wdy/LC+ \" sinwdx/LC (6) 


Z=o when the denominator of equation 6 
is zero. Rewriting this denominator 


— \. cot w(l—d)\/LC-cos wd\/ LC+ 


wL, cot w(l—d)»/ LC: sin wd1/LC+ 


wl, cos wi\/ LC+ \" sin wi+/ LC 


=— ye whr/LOX 


1+ tan wl/ZC tan wd\/LC 
tan wl\/LC— tan wd+/LC 


a= t TEAC BC 
LIE 1+ tan olV/LC tan wd VLC 
tan wl1/LC— tan wd+/LC 


wh, cos wds/LC+ \ sinwds/LC=0 


+oLb,X 
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=a yee: wd+/LC— yi wdv/ CL X 


tan wl+/LC tan wd>/LC+oL, sin wd\/LCO+ 
wl, sin wd+/LC tan wl>/LC tan wd/LC+ 
wL, cos wd\/LC tan wl>/LC— 
wl, cos wd\/LC tan wd\/LO+ 


y sinodN Ginn oe 


y sin wd1/LC tan wd\/LC=0 


wL, [sin wd+/LC+ sin wd+\/LCtanwl~/ LOX 
tan wd\/LC+ cos wd+/LC tan wl»/LC— 
cos wd+/LC tan wd+/LC] 


= y- [cos wd4/LC+ cos wd+/LC tan wl X 


WLC tan wd+/LC— sin wd+/LC tan ol X 
WLC+H sin wd+/LC tan wd+/LC]oL, X 
tan wl\/LC [sin wd+/LC tan wd+~/LC+ 


cos wdv/ LC] = V [cos wda/ LC+ 


sin wd+/LC tan wd+/LC] 

— 1 
and fusity tan ole Gera tee 
wl, YC 


which is identical with equation 3, which 
was to be proved. 

Similarly it can be shown that the condi- 
tion for Z=0 as given by equation 4 holds 
for any location along the line. 
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Self-Excited Oscillations of Capacitor- 
Compensated Long-Distance 


Transmission Systems 


R. B. BODINE 
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HE transmission of electric power over 


long distances has been the subject of 
considerable study,! and it has been con- 
cluded that an effective way of increasing 
the permissible straightaway transmission 
distance is by means of series-capacitor 
compensation of part of the transmission- 
line inductive reactance. The introduc- 
tion of longer lines together with capaci- 
tor compensation brings up several tech- 
nical problems which must be considered 
if proper operation is to be assured. 
Studies of transient stability and switch- 
ing times following faults and of abnor- 
mal overvoltages which may result from 
interaction of line capacitance and trans- 
former exciting impedance at no load are 
presented in references 2 and 3 respec- 
tively. This paper presents the results of 
a study of hunting and self-excitation dur- 
ing normal operation as affected by line 
and machine characteristics. 

Previous work* and field experience 
have indicated the possibility of self- 
excited oscillations when synchronous 
machines are connected to capacitor- 
compensated circuits. It has been 
shown’ that a high ratio of line resistance 
to reactance reduces the machine damping 
torque, and that the compensation of the 
line reactance by means of series capaci- 
tors increases the effective value of this 
ratio. It has also been shown*®’ that 
series-capacitor compensation of line re- 
actance may lead to self-excited electrical 
oscillations as well as to mechanical rotor 
oscillations (hunting) under certain cir- 
cuit conditions. 

The series-capacitor-compensated long- 
distance transmission system is somewhat 
difficult to analyze directly in terms of 
previously developed criteria, as in this 
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case there is a considerable distributed 
shunt capacitance in addition to the series 
capacitance. This shunt capacitance has 
been neglected in previous mathematical 
analyses because of the analytical difficul- 
ties involved as well as for the reason that 
in the previously considered application 
to distribution circuits‘ the shunt capaci- 
tance was relatively small and unim- 
portant. Setting up and solving directly 
the complete differential equations of the 
system including a synchronous generator 
and compensated transmission line are 
impractical, if the transmission line is 
represented with any reasonable degree of 
exactness, as the order is extremely high. 
The alternative of setting up and studying 
a laboratory model, as reported in a recent 
paper’ and as was done in a previous un- 
published study, was not considered 
desirable because of the difficulty of vary- 
ing system parameters. Instead it seemed 
preferable to develop and apply the 
method of equivalent circuits, using the 
a-c network analyzer, which had already 
shown itself to be of practical value in 
other related studies.%!° The equivalent- 
circuit method has the advantage of ease 
of varying system parameters over a wide 
range, as in mathematical analyses, but 
with a minimum of calculation, as in 
model testing, since most of the results 
can be read directly on instruments. 
The network analyzer is particularly con- 
venient, compared to hand calculations, 
in the necessary setting up of initial con- 
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Figure 1. Series-capacitor-compensated trans- 
mission system 


Transformer reactance=ten per cent (each) 

Line reactance =0.8 ohm per mile 

Line resistance =0.08 ohm per mile 

Line capacitance=5.2X10°® mho per mile 

Generator xgz=110 per cent, xg=74 per cent 
Xq/ =37.7 per cent 

Xq" = 28.1 per cent, x,” =39.3 per cent (with 

amortisseur) 
Base kilovolt-amperes = 2.5 X (kv)? 
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ditions, that is, machine excitations, 
fluxes, currents, and so forth, which vary 
with practically every change of any 
system parameters for a specified system 
load angle, or other condition. 


Conclusions 


1. A method of attack using equivalent cir- 
cuits set up on the a-c network analyzer has 
been developed which enables one to pre- 
determine from an equivalent circuit the 
possibility of self-excited oscillations in 
generators connected to series-capacitor- 
compensated long-distance transmission 
lines. A detailed study of any proposed 
installation can be made by this method, if 
it appears necessary from a preliminary in- 
spection, 


2. In the range of transmission line studied 
(up to 300 miles and fully compensated) 
hunting can be prevented by a proper gen- 
erator amortisseur without encountering 
electrical self-excitation. An amortisseur 
is necessary if hunting is to be avoided under 
all conditions, but self-excitation will not 
occur unless the line resistance is lower than 
for usual practical transmission lines. 


3. Rotor inertia has little effect on the 
significant regions of electrical self-excita- 
tion. 


Procedure 


Equivalent circuits for the synchronous 
generator and for the compensated trans- 
mission line during oscillations are de- 
veloped and described in the companion 
paper! and in reference 12, respectively. 
Only the procedure used in applying the 
method to the network analyzer will be 
discussed here. 

The system for which results are pre- 
sented is shown in Figure 1. It consists 
of a 300-mile transmission line terminated 
at both ends by a transformer of ten per 
cent reactance. A generator having the 
electrical characteristics of an average 
water-wheel generator is connected 
through the transmission line and trans- 
formers to an infinite bus. The damping 
and synchronizing torque coefficients 
T, and 7, for a range of oscillation fre- 
quencies have been obtained for several 
cases. The limits of stable operation are 
determined in terms of the stable ranges 
of generator inertia as follows. 

For the generator, the torque equation 
during sinusoidal rotor oscillations may 
be expressed as: 


(—Mh?+jhT + T,)A6=AT (1) 


where 


M=generator rotor inertia, per unit= 
4afH 
h=oscillation frequency, per unit 
Aé=rotor angular oscillation 
AT =applied torque required to produce the 


oscillation Aéd 
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a (C) HUNTING NETWORK 


Figure 2. Equivalent circuits for transmission 
line connected to salient-pole synchronous 
machine 


At the boundary between stable and un- 
stable oscillations the total rotor torque 
must be zero (ATJ=0). Equation 1 then 
shows that 73 must be zero, and T, must 
equal h?M (or M must equal T7,/h?). 
Thus at each point where 7, crosses zero, 
a limiting value of M may be found. For 
low values of h and positive T, it has pre- 
viously been shown that the system is un- 
stable for negative values of Ty. This 
provides the information required to 
distinguish between the stable and un- 
stable ranges of rotor inertia. The magni- 
tude of the negative damping torque 
coefficient Tz also provides a measure of 
the degree of instability, just as the 
magnitude of the positive damping torque 
coefficient is a measure of the amount 
of negative damping which can be toler- 
ated in the system. In the region of high 
oscillation frequency no such simple and 
foolproof criterion of stability can be 
found. 

From the previous studies (references 
4, 6, 7, 13), it is known that electrical 
self-excitation may occur even aside from 
rotor oscillations, that is, even with in- 
finite rotor inertia. In this case the 
electrical-network effective impedance 
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becomes zero! at the self-excited oscilla- 
tion frequency, and the torque developed 
becomes infinite. If, however, the sys- 
tem will not self-excite except with a 
finite rotor inertia M/, the limiting value of 
M may be found as described above. 
With any reasonable value of M the 
torques in the region of self-excitation are 
extremely great, and the transition from 
stable to unstable operation can thus 
easily be detected. 

The equivalent circuits required are 
shown in detail in references 11, 12, and 
15. Figure 2 shows the circuits as applied 
to the present case. Two points are to be 
noted in connection with the procedure 
used. First, the equivalent circuit for 
the transmission line is set up separately 
and its characteristic impedances and ter- 
minal voltages determined as indicated in 
Figure 2a over the desired range. These 
values are then used in the equivalent 
circuit for the synchronous machine, 
Figures 2b and 2c. Second, since the 
machine equivalent circuit as developed 
in references 12 and 15 can be so adjusted 
as to contain both positive and negative 
resistances but no capacitance, all im- 
pedance values are multiplied by a 
factor —j, resulting in the circuit shown 
in Figures 2b and 2c, which contains in- 
ductance, capacitance, and positive re- 
sistance over a good part of the range. 
The torque formulas undergo a similar 
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(C)HUNTING NETWORK 


Figure 3. Equivalent circuits for salient-pole 
synchronous machine connected to infinite bus 


through R-L-C tie 


transformation, as may be seen by com- 
paring Figure 2d with the formulas of ref- 
erence 12. For large values of the oscil- 
lation frequency h (that is, for h>(1— 
V x¢/%)) approximately, where x, is 
the total line, transformer and machine 
armature leakage reactance), the im- 
pedance Z,,, of Figure 2c has a negative- 
resistance component X3. These cases 
were handled by a method of superposi- 
tion, by first measuring the circuit im- 
pedance viewed from the Az’? mesh and 
then making the necessary additional cal- 
culations by hand. 


Results 


Figures 4-7 show some of the results 
obtained. 

Figure 4 gives damping and synchroniz- 
ing torques for the system with line 
capacitance neglected. Here there is no 
possibility of purely electrical self-excita- 
tion, but it is seen that for oscillation 
frequencies in the range 0.5<h<1.0 the 
damping torque coefficient is negative, so 
that hunting will occur for rotor inertias 
which give natural frequencies in this 
range. From the formula M=T,/h?, 
applied at the points of zero damping, the 
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Figure 4. Damping and synchronizing torque 

coefficients for synchronous machine con- 

nected to infinite bus through series resistance 

and reactance—at no load and with amortis- 
4 seur 


range of rotor inertias for which the sys- 
tem is unstable is 0.43<M<3.24, or in 
terms of the conventional inertia con- 
stant H(M=42fH), 0.00057 <H <0.0043. 
These values are extremely small and en- 
tirely outside of any practical range, so 
the conclusion is that the system is stable. 
This would be expected for the machine 
considered, since it has an amortisseur. 

Figure 5 shows the effect of varying the 
- amount of series-capacitor compensation 
_ for the same system as in Figure 4 but now 
- considering the transmission-line capaci- 
tance. The line capacitance does not 
_ by itself affect the range of negative 

damping very much, as may be seen by 
comparing Figure 5a with Figure 4a. 
Figures 5b to 5d show that one effect of 
series-capacitor compensation is to extend 
the lower limit of rotor inertia for which 
the system is unstable to zero, as seen by 
the fact that T, becomes zero while Tj is 
still negative. However, the upper limit 
is still extremely small; in the most 
severe case of full compensation of line 
and transformer reactance (x,=0.8, Fig- 
ures 5d and 5h) the greatest rotor inertia 
for which the system will be unstable 
is M = T,/h? = 5.05/(0.19)? = 140, or 
H = 0.186. 

The fact that T, becomes negative and 
that resonance points in both T, and 7, 
occur at high oscillation frequencies does 
not mean that the system is unstable. 
The curves of hTz versus T, given in 
Figures 5e to 5h are useful in this respect 
as they exhibit a remarkable regularity, 
forming more or less circular curves in the 
resonance regions and thus serving as a 
good indication of the magnitude of the 
torque coefficients and the probable form 
of the 7, and T, versus / curves in these 
regions. 

Figure 6 is similar to Figure 5 but for a 
generator with no amortisseur. The 
damping now becomes negative at a 
much lower oscillation frequency, cor- 
responding to a rotor inertia approaching 
practical values; Figure 7 shows the 
effect of load angle on the system of 
Figure 6. Even with 75 per cent load 
on the generator the system is still un- 
stable at rather low oscillation frequencies. 

In all of the cases considered above 
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(a). No compensation, x,=0 (see Figure 5e) 
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(b). With  series-capacitor compensation, 
X-=40 per cent (see Figure 5f) 


TORQUE COEFFICIENTS , P.U. 
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(d). With series-capacitor compensation, 
x,= 80 per cent (see Figure 5h) 


Figure 5. Damping and synchronizing torque 

coefficients for synchronous machine con- 

nected to infinite bus through 300-mile trans- 

mission line—at no load and with amortis- 
seur 


the armature and line resistance are so 
high that electrical self-excitation does 
not occur, in spite of the fact that a 
rather low (r/x=10 per cent) line re- 
sistance was assumed. Previously’? it 
had been concluded that the line resist- 
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(f) Cleft). With series-capacitor compensation, 
X,=40 per cent (see Figure 5b) 

(g) (right). With series-capacitor compensation, 
x-=60 per cent (see Figure 5c) 


2 it Jj 


(h). With series-capacitor compensation, 
x,=80 per cent (see Figure 5d) 


ance below which self-excitation could 
exist with infinite rotor inertia and zero 
shunt line capacitance was well below 
the actual probable value. The results 
presented above lead to this same con- 
clusion for an actual line and considering 
rotor inertia. As a quantitative check of 
the effect of rotor inertia the case of 
Figure 2, reference 12, has been set up and 
studied by the equivalent-circuit method, 
using the circuit of Figure 3. The results 
obtained show that the introduction of a 
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(b). With series-capacitor compensation, 


X,=80 per cent 
Figure 6. Damping and synchronizing torque 
coefficients for synchronous machine con- 
nected to infinite bus through 300-mile trans- 
mission line—at no load and without amortis- 
seur 


finite rotor inertia makes very little 
difference in the critical line resistance 
even for inertias considerably smaller 
than could actually exist. In terms of 
equation 1 and the curves of hTg versus 
T;, it is evident that T, must be practi- 
cally infinite at the boundary of self- 
excitation except for very small oscilla- 
tion frequency hf, since reasonable per 
unit values of inertia are always large. 
The series of curves of Figures 5e to 5h 
shows the growth of the lower circle as 
the compensation x, is increased and the 
region of electrical self-excitation is 
approached. At the critical value when 
self-excitation is just possible this circle 
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(b). With 


series-capacitor compensation, 
X,= 80 per cent 


Figure 7. Damping and synchronizing torque 

coefficients for synchronous machine con- 

nected to infinite bus through 300-mile trans- 

mission line—at 75 per cent load and without 
amortisseur 


becomes infinite, and in the unstable 
region it curves upward rather than down- 
ward and so does not intersect the 
hTz=0 axis. 
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Synopsis: In contrast to power arcs in air, 
for which the dielectric-recovery voltage de- 
creases with increasing are current, ares in 
air produced by surge currents of several 
hundred microseconds’ duration possess di- 
electric-recovery characteristics that vary 
only slightly with current magnitude and 
wave shape. Even when the discharge cur- 
rent is prolonged at low magnitude for as 
long as a thousand microseconds, the rate of 
; dielectric recovery is little affected. For 
this condition at times when current as high 
as one ampere is flowing, the transient volt- 
_ age required to convert to a high current arc 
is quite high. The mechanism for such a 
discharge is different than for the break- 
down of virgin air, and the initial arc drop 
is sufficiently high to record its transient 
character. It is about ten times the steady- 
_ state value at the time the crest current is 
reached and drops about 50 per cent in the 
first 20 microseconds. 
Photographic studies show that even at 
short-time intervals successive discharges 
- do not follow exactly the path blazed by the 
initial discharge but occur in an air column 
of low dielectric strength expanding radially 
with tine. It is indicated that the high arc 
temperatures diffusing in this region can be 
the principal factor determining the rate of 
recovery after the first 1,000 microseconds. 
A comparisen is made with the mecha- 
nism of natural lightning particularly from 
recent data obtained on the low-magnitude 
portions of stroke currents between succes- 
sive components. Such records show that 
current does not always flow continuously 
between multiple-stroke components for 
strokes to objects of normal height. The 
maximum interval of recorded zero current 
is about 23,000 microseconds. The rates 
of recovery for spark gaps indicate that 
about 40,000 microseconds is the upper limit 
for which the dielectric strength of the 
stroke channel will be sufficiently low to 
insure successive breakdown in the same 
general region. 

The character of a lightning discharge 
initiating a power follow does not affect 
the rate of recovery after the power arc 
has been extinguished. Circuit reclosing 
times should be based primarily on the prob- 
ability of the duration of multiple strokes 
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and the probability of restriking for power 
arcs, 

Correlation of the rate of dielectric re- 
covery of air gaps with rates of system re- 
covery show that an appreciable number of 
transmission-line lightning flashovers can 
occur at such a time relative to the normal 
system voltage cycle that only a very short- 
duration fault is produced. The number is 
about 10 to 15 per cent for a_ typical 
system having a natural period of 1,000 
cycles which corresponds to a line about 
40 miles in length. This is about half of 
the flashovers which normally do not cause 
outages. The rest are due to cases where 
power arcs longer than one cycle are pro- 
duced but extinguish before a _ circuit- 
breaker operation. 


HE rates at which large air gaps re- 

cover dielectric strength after dis- 
charging power-frequency currents and 
short-duration surge currents comparable 
to those produced by lightning are of 
fundamental importance in determining 
power-system performance. Some of the 
more important considerations are the 
factors governing the probability of 
lightning flashovers producing power 
follow, the probability of power follow 
producing an outage, and the minimum 
safe reclosing time after a circuit inter- 
ruption. Because of the similarity be- 
tween long arcs and the mechanism of 
natural lightning, data on the electrical 
characteristics of the arc path after an 
initial discharge and the character of 
subsequent discharges should also give 
information on the mechanism of multiple 
strokes. Despite its fundamental value, 
very meager data are available on the 
rates of dielectric recovery of large gaps, 
especially for initial discharges having 
the character of lightning currents. 
Most studies have been confined to 
power arcs in very small gaps where arc 
conditions are quite different. 

For the study of surge current dis- 
charges in large air gaps a method of syn- 
chronizing two generators has been de- 
veloped so that surge current discharges 
can be produced in a gap and controlled 
surge voltages applied after specified 
time intervals. Data have thus been ob- 
tained for 6- and 11-inch rod gaps on the 
voltage necessary to produce a second 
discharge as a function of the time inter- 
val after the first. Eleven inches was the 
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maximum spacing which could be tested 
with the facilities available. With nega- 
tive polarity throughout, a wide range of 
initial current magnitudes and wave 
shapes was studied, the subsequently 
applied voltage having the standard 
11/, x 40 wave shape. The same ter- 
minology (critical voltage), as used for 
the minimum breakdown in virgin air, is 
applied to the minimum breakdown after 
an initial discharge. This should lead to 
no confusion as long as the time interval 
after the initial discharge is specified, 
By raising the voltage above the critical 
value, volt-time curves were also obtained 
in the same manner as those for break- 
down in virgin air. Through the use of a 
high-speed rotating camera and_ still 
cameras, data were also obtained on the 
visual characteristics of the initial and 
subsequent discharges. 


Test Circuit 


A schematic diagram of the surge gen- 
erator circuits is shown in Figure 1. The 
initial discharge through the test gap is 
produced by the current generator and the 
subsequently applied potential by the 
voltage generator. The two generator 
trip circuits are synchronized by a rota- 
ting switch. As shown in Figure 1, the 
tripping cycle is started by shorting out 
gap A. When the arm of the rotating 
switch next passes through gap B the 
tripping circuit for the current generator 
is discharged. When the arm passes 
through gap C, the tripping circuit for the 
voltage generator is discharged, providing 
gap B is still passing current, which is 
assured by making the time constant of 
the first circuit long enough for the de- 
sired range of time intervals. In this 
way the two generators can be dis- 
charged only in the proper sequence. 
The time interval is controlled by the 
spacing between gaps B and C and the 
speed of the rotating arm driven by a 
variable-speed motor. 

During the discharging of the current 
generator, the voltage generator must be 
isolated from the test circuit. The gap 
D of Figure 1 must have a higher break- 
down value than the test gap, so that the 
voltage generator will not be prematurely 
discharged. The larger gap requires a 
higher discharge voltage than is to be 
applied to the test gap, and thus, as 
shown in the figure, only a portion of the 
generator voltage is tapped from the 
potentiometer circuit. If the impedance 
of the current generator is high enough 
that it does not distort the voltage of the 
voltage generator discharging through it 
in parallel with the test gap, the gap E 
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may flash over on the second discharge. 
However, as most high current generators 
are of low impedance, gap E must have 
a higher breakdown value than the test 
_ gap during the second discharge. If such 
a large gap spacing will not permit the 
initial discharge of the current generator, 
a fiber tube and fuse wire can be used to 
permit the current generator to discharge 
before isolating it for the voltage genera- 
tor discharge. 


Dielectric-Recovery Voltage for 
Initial Discharges of Short 
Duration 


The wave shapes of the initial discharge 
currents studied can be conveniently 
classified into two groups. The first 
group had durations less than 100 micro- 
seconds and were short compared to the 
time interval between the initial dis- 
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charge and the application of voltage. 
The second had durations of the same 
order of magnitude as the time intervals, 
and at the lower range of intervals current 
was still flowing when voltage was applied. 
The shortest time interval between the 
beginning of the current discharge and 
the application of voltage that could be 
consistently reproduced with the rotating 
gap was about 500 microseconds. The 
initial discharges of short duration will be 
considered first. In Figure 2 are given 
the wave shapes of the currents which 
were used for the two gap lengths studied. 
As shown by Figure 2a, the currents for 
the six-inch gap spacing involved crest 
magnitudes ranging from 1,390 amperes 
to 23,000 amperes and charges ranging 
from 0.002 to 0.238 coulomb. Wave 
shapes of two general types were used— 
one in which the high current lasted only 
a fraction of a microsecond, and the other 
in which the high current was maintained 
for five or ten microseconds. This was 
done to determine the effect of the two 
factors—magnitude and duration. 
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The discharges with only instanta- 
neously high currents were produced with 
a high-voltage generator of low capacity 
and a high series resistance in the dis- 
charge circuit which limited the current 
flowing from the generator itself to a 
relatively low value. However, as pre- 
vious work has shown, the discharge 
mechanism for large air gaps is quite 
similar to that of natural lightning.1~* 
The initial current flowing at the elec- 


trodes at the breakdown of an air gap is 


produced by streamers propagating from 
one or both electrodes and distributing 
charge along the channel which they 
blaze. When these two leaders meet, in- 
tense “return streamers’ are formed 
which propagate back to the gap elec- 
trodes and rapidly discharge the charge 
in the gap. For applied voltages similar 
to the standard 11/, x 40 wave, the whole 
process takes place in less than a micro- 


POTENTIOMETER 


Figure 1. Schematic diagram of 
surge generators and synchro- 
nizing trip circuit 


second. The high peak in the measured 
current occurs when the return streamers 
reach the gap electrodes, and the current 
which flows for the next fraction of a 
microsecond depends upon the charge in 
the air gap. After this initial charge is 
dissipated, the current is determined by 
the surge-generator circuit. Thus, for 
surge generators of low capacity and high 
discharge resistance, the current rapidly 
drops to a much lower magnitude des- 
ignated in Figure 2 as the steady crest 
magnitude. The current waves 4, B, D, 
and H were produced in this way. A 
high current generator of much greater 
capacity and lower discharge resistance 
was used to produce current. waves C, E, 
F, and J, for which the sustained current 
magnitude is approximately the same as 
the initial crest. 

In Figures 3 and 4 are given data ob- 
tained on the critical voltage as a function 
of time interval after the initial discharge, 
and in Figure 5 are typical volt-time 
curves. For each time interval these data 
were obtained in the same manner as 
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normally used for volt-time curves ex- 
cept that no correction was made for 
atmospheric conditions since the signifi- 
cance of this factor is not known. How- 
ever, all data were taken under sub- 
stantially uniform conditions, the relative 
air density varying between 0.994 and 
1.01 and the absolute humidity between 
0.152 and 0.426 inch of mercury vapor 
pressure. 


CONSISTENCY OF BREAKDOWN 


Caused principally by variations in 
ionization conditions, the breakdown of | 
an air gap is not a single fixed value. 
There is a certain probability which deter- 
mines the critical breakdown. If virgin 
air has less ionization than for a given 
period after an initial discharge, it would 
be thought that the variation of indi- 
vidual values from the critical would be 
appreciably less. Although no attempt 
was made to determine probability curves 
of breakdown, some information is con- 
tained in the data obtained for volt-time 
curves. For several cases the voltage was 
first set considerably below the break- 
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Figure 2. Wave shapes of initial current dis- 
charges of short duration. Negative polarity 
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down value, then raised in about two per 
cent steps, taking in some instances five 
and in others ten shots at each voltage. 
This provided data on the percentage 
variation, either in the minimum voltage 
that would produce breakdown, or the 
maximum that would not, from the mean 
or critical breakdown. These data 
showed, for time intervals below 1,000 
microseconds, a maximum variation of 
about 20 per cent from the critical break- 
down. Above 1,000 microseconds the 
maximum variation was about 13 per 
cent, and no trend was observed with 
time interval. However, in only four 
eases out of 30 was it over ten per cent 
and in only 13 over five per cent. Some 
of this variation might be due to irregu- 
larities in time interval as controlled by 
the rotating switch. However, for a 
given setting, the time interval did not 
vary more than about + 25 microseconds 
which even at the lower range of time 
intervals would not, as shown by Figure 
3, produce a variation in critical break- 
down voltage of more than about two 
per cent. It is interesting that for inter- 
vals above 1,000 microseconds the spread 
of breakdown voltage for individual shots 
is no greater than observed when obtain- 
ing normal volt-time curves for virgin 
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Figure 4. Critical breakdown for various time 
intervals as function of gap spacing 


Wave C for 6-inch gap and wave | for 11-inch 
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air. This indicates that little ionization 
is left in the gap. 


PROBABLE ACCURACY 


The consistency with which the critical 
breakdown could be duplicated was 
about five per cent, and this is thought to 
be a conservative estimate of the prob- 
able accuracy of the curves of Figure 3. 
The accuracy of three points on Figure 
3a for wave D at time intervals above 
9,000 microseconds are considered ques- 
tionable, because difficulty was experi- 
enced with synchronization of the trip 
circuits when they were obtained. 


EFFECT OF INITIAL DISCHARGE CURRENT 


The curves of Figure 3 show that the 
critical breakdown voltage varies in a 
somewhat exponential manner with the 
time interval, increasing much more 
rapidly during the first 2,000 or 3,000 
microseconds than thereafter. However, 
the maximum variation of the curves for 
the six-inch rod gap is remarkably small, 
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voltage as applied 
at various time in- 


despite the wide range of initial discharge 
currents. The maximum deviation from 
a mean occurs at the lower range of time 
intervals but is less than 20 per cent. 
After 5,000 microseconds it is less than 
ten per cent. Considering a mean curve 
for the six-inch gap, recovery to 50 per 
cent of the initial voltage strength occurs 
in about 2,500 microseconds and to 87 
per cent in 13,000 microseconds. Since 
the deviation of the curves from one 
another is of the same order of magnitude 
as the accuracy of the data, it is difficult 
to determine the effect of current wave 
shape. As shown in Figures 2a and 3a, 
the higher the initial crest or the steady 
crest current, the lower the recovery 
voltage, except for the curves for waves 
Cand D, Current magnitude appears to 
have more effect than charge, since some 
of the waves of higher initial current 
have much lower charge. 

The manner in which the critical break- 
down voltage for various’ time intervals 
increases with gap spacing is shown in 
Figure 4, where 6-inch and 11-inch rod- 
gap data for as nearly the same initial 
discharge current as could be reproduced 
are plotted. The data indicate that for 
any time interval the critical breakdown 
is approximately proportional to gap 
spacing. The volt-time curves of Figure 
5 which are typical of those obtained 
show little relative flattening out with 
decreasing time interval. It might be 
expected that as the ionization remaining 
in the gap increases with decreasing time 
interval, the volt-time curves would be- 
come markedly flatter. Below about 
2,000 microseconds they flatten out in 
regard to absolute differences in voltage 
but not in relative voltage change. Above 
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Figure 6. Wave shapes of initial discharges 
of long duration 


3,000 microseconds the curves are ap- 
proximately the same shape simply dis- 
placed in magnitude. This is further 
indication that little ionization is present 
at these time intervals. 


Recovery Voltages for Initial 
Discharges of Long Duration 


The current waves of Figure 6 were 
produced with the surge generator of low 
capacity and series resistance consisting 
of a linear resistance in series with a 
number of arrester blocks. This provided 
a relatively low resistance at high currents 
but a very high resistance at low currents, 
thus tending to prolong the tail of the dis- 
charge. For the six-inch gap the current 
duration above the lower limit of record- 
ing sensitivity of 0.1 ampere is 1,000 
microseconds. For the 11-inch gap it was 
only possible to prolong it for 600 micro- 
seconds, because more of the charge was 
needed in the gap at the instant of break- 
down. This is shown by the higher 
initial crest in this case. The low current 
tails were recorded oscillographically with 
a nonlinear shunt having very high im- 
pedance at low currents and also by 
means of a high-speed photographic 
recorder.4 (See Figure 6a.) 

The critical breakdown curves obtained 
are shown in Figure 7 compared with 
those for discharges of short duration 
having the most nearly identical initial 
crest magnitudes. The data for the long- 
duration discharges are plotted for two 
different definitions of time interval; 
that defined as the time between the 
beginning of both the initial discharge and 
subsequently applied voltage and that as 
measured from the end of the initial dis- 
charge to the beginning of the applied 
voltage. It is interesting that when this 
shift is made in the points, they lie very 
close to the curves for the initial dis- 
charges of short duration except at time 
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intervals where the initial current is still 
flowing at the application of voltage. 


BREAKDOWN WHEN CURRENT Is STILL 
FLOWING 


As the time interval was lowered, it 
was found that although current con- 
tinued to flow from the initial discharge, 
an appreciable voltage was still necessary 
in order to produce a second discharge. 
The breakdown was more erratic, but a 
definite critical value could be obtained. 
At 500 microseconds for the six-inch gap 
when about one ampere was flowing, the 
critical voltage was about five kilovolts 
and, for the 1l-inch gap with about 0.4 
ampere, 40 kv. The nature of the break- 
down under these conditions is also in- 
teresting. Oscillograms of the two dis- 
charge currents and the second voltage are 
shown in Figures 8 and 9. During the 
period of breakdown the decrease in volt- 
age is very gradual requiring several 
microseconds to drop to a relatively low 
voltage characterized by a fairly stable arc 
drop, but during the whole recorded 
period of voltage, it continues to decrease 
atalesser rate. As higher voltages are ap- 
plied, the period characterized by the 
more rapid drop in voltage becomes 
shorter until at twice the critical value it is 
practically instantaneous. The are drop 
for the following period is also much lower, 
too low torecord. As shown by the oscillo- 
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Figure 7. Comparison of voltage-recovery 
curves for short- and long-duration discharges 
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grams of Figures 9b and 9c, the current in 
the second discharge rises slowly in the 
initial period corresponding to the slower 
rate of drop of voltage and increases more 
rapidly as the voltage drops more rapidly. 
The voltage and current relations are 
shown more clearly in Figure 10a which 
is a replot of Figures 9b and 9c super- 
imposed. The character of the discharge 
current is quite different under these 
conditions than for normal breakdown. 
In the latter case, the path is first made 
partially conducting by initial leaders 
before the breakdown is completed by 
the return streamer process, which results 
in a high instantaneous flow of current 
and practically instantaneous drop in 
voltage. In this case, however, where 
considerable ionization exists because of 
the small flow of current, the transition 
from the low-conducting to high-conduct- 
ing conditions is more gradual and uni- 
form. The initial crest current character- 
izing the final breakdown of the gap is 
less pronounced and of longer duration. 
Comparison of the current in the second 
discharges of Figures 8 and 9 shows that 
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Figure 8. Current and voltage oscillograms 
when initial discharge is of long duration 
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Figure 9. Current and voltage oscillograms 
when initial discharge is of long duration 


11-inch rod gap. Wave J of Figure 6b 


this initial crest increases with the time 
interval between discharges. The gradual 
transition of the arc path may have been 
influenced by the character of the voltage 
surge-generator circuit. The series re- 
sistance had to be fairly high, since only 
a small fraction of the potentiometer 
could be tapped off in producing the low 
discharge voltages. This could have 
produced appreciable regulation. 

A measure of the effective impedance 
of the arc during the various stages can be 
obtained by determining the “effective” 
resistance from the current and voltage 
oscillograms. Such data are shown in 
Figure 10b. Synchronized simultaneous 
records were not obtained for each dis- 
charge; however, as shown by Figure 8b, 
the results could be duplicated with a 
good degree of consistency. It was found 
that for the initial discharges of Figure 
6 the steady crest magnitude of the 
current in the second discharge was about 
five amperes for both gap spacings and 
essentially constant for a variation of 
time interval of as great as 300 micro- 
seconds. The arc resistance is, of course, 
quite high before the start of the second 
discharge, decreasing to about 1,800 
ohms per foot for the 11-inch gap and 
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1,200 ohms per foot for the six-inch gap 


at the peak of the discharge current, 
Then it decreases more gradually. At 
the end of about 20 microseconds it is 
reduced by about 50 per cent. It is of 
interest to compare the arc under these 
transient conditions with that of stable 
arcs. After the arc has been established 
at the crest of the discharge current, the 
are drop is about 9,000 volts per foot for 


_ the 11-inch gap and 6,000 volts per foot 


for the 6-inch gap. Although it is de- 
creasing rapidly, it has not at the end of 
20 microseconds dropped to anywhere 
near the normal value of 400 or 500 volts 
per foot, which is typical of steady-state 
conditions for are currents of this magni- 
tude.® 


Photographic Study of the Arc Path 


Photographic studies were made of the 
arc path by means of the high speed ro- 
tating camera and two still cameras 
mounted so as to photograph the arc 
from directions 90 degrees apart. Typi- 
cal records are shown in Figure 11. 
About 250 microseconds is the shortest 
time interval for which a record could be 
obtained because the arc luminosity was 
too low to photograph for the very small 
currents resulting in the second discharge. 
As shown in Figure lla, the path of the 
second discharge is not identical with 
that of the first for times as short as 250 
microseconds. It diverges more and more 
as this time interval is increased. Up to 
about 2,000 microseconds the second dis- 
charge maintains the major bends of the 
first, but after about 5,000 or 6,000 
microseconds it has departed entirely 
from the characteristics of the original 
path. Figures lla and 11b show the 
second arc path to be more tortuous than 
the first. As shown by the sets of two 
still photographs, the second discharge 
follows a more or less winding path in a 
given cylindrical volume of air surround- 
ing the original path, the radius of which 
increases with time as this volume of air 
with lower dielectric strength expands. 


In Figure 12 an attempt was made to 
show the divergence of the two paths as 
a function of time. On this curve are 
plotted points representing the average of 
at least five records of the maximum three 
dimensional divergence of any part of the 
second arch path from the first. These 
data were obtained from simultaneous 
photographs taken with the two still 
cameras. For the short-duration dis- 
charges, divergence is more or less inde- 
pendent of the character of the initial 
discharge or of the gap spacing, and all 
the points lie close to a single curve for 
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time intervals up to about 7,000 micro- 
seconds. After this, they diverge widely. 
For the long-duration discharges the 
divergence, when plotted as a function 
of time interval after the end of the first 
discharge, also conforms closely to the 
sane mean curve except for the point at 
lowest time interval, for which current is 
still flowing. Then, although the arc 
path is still conducting current, the sub- 
sequent path blazed by the second dis- 
charge is not identical with that of the 
first which, as photographed, is probably 
the arc path formed during the initial high 
current portion of the discharge. During 
the longer period in which the lower cur- 
rent magnitude exists, the conducting core 
is expanding radially, and the current 
density is probably greatly decreased. 
This may contribute to some extent to 
the appreciable critical voltages when 
current is still flowing. 


Mechanism of Recovery 


The curve of Figure 12 gives a measure 
of the rate at which the conditions of low 
dielectric strength set up by the discharge 
in the arc path are expanding radially. 
The two principal conditions which may 
be contributing to the lower dielectric 
strength of this expanding region are high 
temperature and ionization. Both effects 
will propagate radially into successively 
larger volumes of air. As this heat and 
ion diffusion takes place, together with 
ion neutralization by recombination, the 
dielectric strength of the air should in- 
crease. Since ‘both of these conditions 
are so interconnected, it has always been 
difficult to separate them for study. 
Browne,® however, has obtained data 
indicating that the ionization effect 
cannot be appreciable after the first 100 
microseconds for short a-c arcs between 
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EAE ee . fc j e column of air given by the radius of 
PHOTOGRAPH j CAMERA BEGORD I ot : Figure 12 for that time interval and that 
. = : : : the temperature in the column is uniform. 
Curve C of Figure 13 was calculated on 
this basis, starting with a temperature 
of 4,000 degrees Kelvin and a radius of 
0.13 inch at a time interval of 250 micro- 
seconds. It conforms quite closely to 
curve B. This is not necessarily con- 
firmation of the accuracy of either curve, 
Figure 11. Multiple discharges showing rela- 1144 it is believed to indicate that the 

tion between the two arc paths temperature of the air column alone can 


11-inch rod gap account for the rate of voltage recovery. 
(a), (b). Wave | of Figure 2b 
(c). WaveiH of Figure 26 Mechanism of Natural Lightning 
culation was the critical breakdown volt- Photographs of natural lightning taken 


age at normal room temperature. It is with the Boys camera or similar devices 
interesting that such a curve gives tem- imparting the time element to the record 
peratures at the lower range of time in- indicate that all components of a multiple 
tervals that correspond to those normal stroke follow the same path except in rare 
for arcs. cases when a component discharge will 
Any attempt at a rigorous calculation follow the original path part way to earth, 
parallel brass electrodes. Although this of rate of ion or temperature diffusion then depart entirely from it. A record of 
condition is quite different than for long could not account for turbulence and a typical multiple stroke obtained in the 
arcs where electrode effects are much less, | would always give the highest ion density | Westinghouse investigation is shown in 
the consistency of breakdown and the or temperature at the original arc core. Figure 14. However, deviation of a 
character of the volt-time curves lead Thus, successive discharges should always fraction of an inch or even several inches 
one to suspect that the temperature effect follow the same path blazed by the first. cannot be distinguished on such records 
is also predominant for long arcs and Such calculations for heat diffusion, and probably do exist. 
short surges, at least for time intervals assuming cylindrical symmetry and con- The rates of voltage recovery which 
above 1,000 microseconds. stant gas density, specific heat, and have been obtained indicate that the 
It is realized that turbulence and other thermal conductivity, indicate rates of time intervals between components can 
factors insufficiently known by the temperature drop of the same order of be high enough (ranging from 0.0005 to 
authors make an analytical study of the magnitudeasgivenbycurveBofFigurel3, 0.5 second’) that, unless low current flows 
problem difficult. However, some very butsomewhat morerapid. Itis probably for an appreciable portion of the inter- 
approximate calculations have been made _ the extreme condition of turbulence which _-vening period, the subsequent discharge 
of temperature variation with time. produces localized regions of low dielectric should not always follow the same path. 
Curve A of Figure 13 isa mean curve for strength of a more or lessrandom distribu- From evidence provided by strokes to 
the rate of voltage recovery of the six- tion throughout a certain region whose very tall objects, Bruce and Golde" have 
inch rod gap. Curve Bisa plot of tem- _radiusis given by Figure 12. concluded that current must flow con- 
perature variation with time determined Because of this, it was thought that tinuously between components. How- 
from curve A on the assumption of con- perhaps the only analysis which was ever, four records have been obtained with 
stant pressure throughout the air column warranted was merely the very crude one _ the photographic surge-current recorder! 
and thus, that the dielectric strength of | based on the assumption that the heat of multiple strokes to low objects. Two 
the air is inversely proportional to tem- produced in the original arc column re- of these records are shown in Figure 15. 


perature. The starting point for the cal- sides at any time interval in a cylindrical This device is capable of measuring cur- 
ue rents as low as 0.1 ampere, and for all of 
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Figure 14. Record of multiple stroke to 
open ground 


no current was measured. It isinteresting 
that none of these periods has exceeded 
about 23,000 microseconds. The extra- 
polated voltage-recovery curves of Fig- 
ure 3b indicate that, for stroke currents 
of the general character studied, 30,000 
to 40,000 microseconds should be about 
the upper time-interval limit for zero cur- 
rent between successive components. 
Otherwise, the dielectric strength of the 
original stroke channel will have suffi- 
ciently recovered that the subsequent dis- 
charge might take a totally different path. 
However, some of the strokes which have 
been measured? have continuing currents 


of such high magnitude and duration that 


their rate of recovery may be appreciably 
lower. 

Records of strokes, such as Figure 14, 
show extreme fluctuations of luminosity 
as a characteristic condition in the stroke 
channel. The long-duration stroke com- 
ponent in Figure 15 shows a similar wide 
range of fluctuation of current which is 
probably associated with such luminosity 
variations. 


Comparison With Rate of Dielectric 
Recovery for Power Arcs 


The rapid rate of recovery and small 
dependence on current magnitude for 
surges of short duration are in consider- 
able variance with results that have been 
found for power arcs. Rates of recovery 
for 60-cycle arcs have been determined 
only for very short gaps (one to ten 
millimeters) where electrode effects and 
field considerations are quite different.®” 
These data for currents of the order of 
five to ten amperes show rates of recovery 
as rapid as those for short-duration surges. 
However, as the power current is in- 
creased, the rate of recovery drops 
rapidly. For .currents above 100 am- 
peres such data indicate that an appreci- 
able fraction of a second is required for 
recovery to anywhere near the original 
strength of the gap. 

Evidence that this is also the case for 
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long arcs is provided by tests of Griscom 
and Torok’ in which the probability of 
restriking was determined for gap spac- 
ings of the order of 10 to 100 inches. 
Arcs with currents ranging from 800 to 
1,500 amperes were started with fuse wire 
and allowed to continue for a period of 
about nine cycles, which should have been 
sufficient to eliminate the effect of the 
vaporized wire. The are was interrupted 
and voltage reapplied after various time 
intervals to determine the probability 
of restriking. The voltages were those 
of transmission lines with conductor 
spacings equal to the gap spacings and 
were thus about 25 per cent of the normal 
gap breakdown voltage. Nevertheless, 
the probability of restriking was found to 
be appreciable for periods as long as five 
or six cycles. 

Except for the time element introduced 
by multiple strokes of appreciable dura- 
tion, the character of the power-follow 
current, since it produces such slower 
rates of recovery than the initiating 
lightning flashover, should be the prin- 
cipal factor governing circuit-reclosing 
times. Reclosing times should thus be 
based on the probability of the duration 
of multiple strokes? and the probability 
of restriking for power arcs. 


Probability of Lightning Flashover 
Producing Power Follow 


The high rate of dielectric recovery 
for surge-current discharges in air gaps 
suggests that, for lines where flashover 
will occur in air at atmospheric pressure, 
an appreciable percentage of the flash- 
overs that do not cause an outage may be 
lightning flashovers that produce a dis- 
turbance of very short duration. That 
this is the case is shown by an analysis of 
system recovery voltage conditions for 
lightning flashover. Stroke components 
of sufficiently short duration can cause 
flashover on a certain portion of the nor- 
mal conductor voltage cycles and pro- 
duce a current zero occurring in a rela- 
tively short time. The current flow in 
the gap will be such that the rates of 
dielectric recovery are comparable to 
those of Figure 3 and lying above the 
system recovery volt-time curve. 

There are two conditions for which 
such rapid arc extinction will occur. The 
first of these is illustrated in Figure l6a 
for which the lightning flashover occurs at 
a time (T) before and close to the time of 
normal zero system voltage. If the dura- 
tion the of lightning discharge were negli- 
gible, the fundamental-frequency fault 
current would have, as shown in Figure 
16a, an initially low magnitude followed 
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quickly by a current zero. The magnitude 
and duration of this current and the 
magnitude of the fault recovery voltage 
increase with the time (7). The recovery 
voltage curves as a function of (7) have 
been determined with the a-c network 
calculator" for a typical simple system 
having a natural frequency of 1,000 cycles 
per second, This corresponds to about 
a 40-mile line. The system recovery 
voltage curves are shown in Figure 16b 
compared with the dielectric-recovery 
curves for two ratios of insulation level to 
normal crest system voltage, four times 
normal and six times normal. As shown 
by this figure, the maximum time T for 
which the system recovery curve lies be- 
low the dielectric-recovery curve is about 
1,100 and 1,700 microseconds for the re- 
spective insulation levels. This condition 
can be produced by stroke currents with 
polarity either the same or opposite to the 
initial normal frequency fault current. 
It can thus occur on either half-cycle. 
If the duration of the lightning discharge 
does not tend to shift the normal current 
zero, these recovery curves can be applied 
to surges of appreciable duration. A 
calculation of the probability of flash- 
overs not producing power follow was 
made on the conservative assumptions 
that they could be produced by single- 
component strokes only, having dura- 
tions less than the time from the instant 
of flashover to the time of normal-fre- 
quency current zero. With the data 
available on the probability of multiple 
strokes and stroke-component durations® 
such an analysis indicates probabilities 
of flashovers not producing power follow 
of five and nine per cent. 


Lightning flashover occurring shortly 
after normal system voltage zero will 
produce a current zero in a short time if 
it is the opposite polarity to the normal- 
frequency fault current. Thus on the 
assumption that strokes are predomi- 
nantly negative there is a certain period 
on every other half-cycle when this condi- 
tion can take place. Neglecting the effect 
of the initiating transient, the system re- 
covery voltage curve, as a function of the 
time of current zero after normal system 
voltage zero can be estimated for this case 
by considering its crest to be twice the 
normal system voltage at the instant of 
current zero. It reaches crest in 500 
microseconds for the system considered. 
Such an assumption indicates that the 
percentage of strokes which will not pro- 
duce power follow are three and five, re- 
spectively, for the two insulation levels. 
This gives a total of 8 and 14 per cent of 
strokes causing flashover with disturb- 


ances of only short duration. The 
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probability of rapid arc extinction will in- 
crease with the ratio of the insulation level 
of the line to the line voltage and with the 
length of the line or reduction in its 
natural frequency. 

Data!” have been obtained showing the 
percentage of system disturbances whose 
duration is one cycle or less. These data 
show an average of about eight per cent 
of such disturbances for steel tower lines 
and about 20 per cent for wood-pole lines. 
These short-duration disturbances are 
probably of the nature of those discussed 
above. Good agreement is shown for 
steel lines where the flashover path is con- 
fined entirely to air. The higher per- 
centage for wood-pole lines confirms other 
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system voltage 


data indicating that wood insulation has 
greater extinguishing power than air 
alone. Additional data® available on the 
ratio of flashovers to outages on steel 
tower lines indicate a range of from 15 to 
35 per cent for the proportion of total 
flashovers not producing outages. Thus 
it is indicated that about half of the flash- 
overs not causing a fault are these very 
short-duration disturbances. 
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Formulas for the Calculation of the 


Inductance of Linear Conductors of 
Structural Shape 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HE mechanical and electrical ad- 
vantages stemming from the use of 
linear conductors of structural shape* are 


so marked that, at present, most busses 


such conductors. 


for heavy current duty are constructed of 
Thus, standard de- 
signs of single and polyphase busses 
utilize strap conductors of full rectangular 
cross section, tubular conductors of hollow 
rectangular cross section, or ventilated 
conductors of open hollow rectangular 
cross section—these last built up of two 
slightly separated channels or four 
slightly separated angles placed flange to 
flange, or of multiples of four thin strap 
conductors. Again, limited construction 
of a somewhat more specialized type of 
bus has resulted frem Arnold’s! discovery 
that minimum eddy-current losses are 
attained in a single-phase circuit if, of 
the conductors commercially available, 
the bus is constructed of two properly 
chosen channels placed back to back. 
Finally, the use, in shielded busses, of 
conductors of T and I cross section is not 
unknown. 

Yet, despite the use of these various 
types of conductors, explicit formulas for 
calculating the inductance—and thence 
the reactive voltage drop, often the deter- 
mining factor in the design of a heavy cur- 
rent bus—seemingly are available for only 
the first two types of conductors: those 
of full and those of hollow rectangular 
cross section. Papers by Arnold,? Carl- 


Paper 43-11, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
October 26, 1942; made available for printing 
November 16, 1942. 

Tuomas JAMES Hiccrns is associate professor of 
electrical engineering, Illinois Institute of Tech- 
nology, Chicago, Ill. 

* As conductors of full or annular circular cross sec- 
tion have been treated exhaustively elsewhere, they 
are not considered in this paper. 
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son,* Darling,4® Dwight,®’ Gray,’ 
Grover,® Higgins,!°—!* Levy,!3 Maxwell, !4 
Orlich,® Rosa,'®—!¥ Roth,2°. Schurig,?! 
Silsbee,??. Steidinger,?? Sumec,24 and 
others™.* contain formulas, curves, and 
tables that facilitate calculation of the 
inductance of a single-phase or of a poly- 
phase bus comprised of identical conduc- 
tors having parallel coplanar axes and 
parallel-sided full rectangular cross sec- 
tions (if corresponding sides of two rec- 
tangular areas are parallel, but the areas 
are otherwise arbitrarily located, these 
areas are termed ‘“‘parallel-sided”). And 
papers by Darling,*® Dwight and Wang,” 
and Higgins, !°—'” contain formulas, curves 
and tables for calculating the inductance 
of a single-phase or of a polyphase bus 
comprised of identical conductors having 
parallel coplanar axes and parallel-sided 
hollow rectangular cross sections.’ But, 
seemingly, there have not been published 
explicit formulas for calculating the in- 
ductance of a bus comprised of full or 
hollow parallel-sided rectangular con- 
ductors arranged other than as just de- 
scribed; nor of a bus comprised of one of 
certain currently employed arrangements 
of linear conductors of L, T, [, or I 
cross section. 

Such formulas are derived in this paper, 
it being assumed that the conductors are 
nonmagnetic, are of such length that end 
effects are negligible, are right-cornered, 
and carry currents uniformly distributed 
over their cross sections. 

Of these four conditions, the first and 
second commonly are satisfied in practice. 
The third, however, though essential to 
tractable analysis, is not always true in 
practice. For example, strap conductors 
of full rectangular cross section are usually 


right-cornered, whereas conductors of 
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hollow rectangular cross section com- 
monly have rounded edges; again, chan- 
nels built up of strap conductors are 
usually right-cornered, whereas channels 
drawn or rolled in one piece usually have 
rounded edges. However, error intro- 
duced by neglecting the rounded edges 
is usually small; moreover, where neces- 
sary the increase in inductance can be 
approximated by use of semiempirical 
formulas derived by Dwight and Wang.”” 
Finally, neglect of skin and proximity ef- 
fects is also essential to tractable analysis. 
However, the effect of these phenomena 
on the magnitude of the inductance is on 
the safe side, for the inductance decreases 
as the frequency is increased; moreover, 
at power frequencies and normal bus 
spacings this reduction in inductance is 
practically negligible (see, for example, 
the discussion following reference 27 or the 
experimental results published in refer- 
ence 2), 

If these four postulates are granted, 
derivation of the desired formulas, though 
lengthy, is not particularly difficult. 
First, the formula for the geometric mean 
distance between two arbitrarily located 
parallel-sided rectangular areas is derived 
by direct integration (sections I and II). 
Next, this formula and the fundamental 
theorem of geometric mean distance 
theory are conjoined to obtain formulas 
for the geometric mean distance between 
two arbitrary configurations comprised 
of parallel-sided rectangular areas; 
whence general formulas for the in- 
ductance of conductors of such cross sec- 


@ 
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Figure 1 
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Figure 2 


tion follow from application of well- 
known theory (sections III and IV). 
Finally, since the category just described 
embraces conductors of the type under 
discussion, distinct formulas for the in- 
ductance of specific types and arrange- 
ments of conductors can be deduced from 
these general formulas as desired (sec- 
tion V). 


I. The Geometric Mean Distance 
Between Parallel-Sided 
Rectangles 


The geometric mean distance Dy. of a 
rectangular area S, from a second arbi- 
trarily located rectangular area S, is de- 
fined by 


SiS2 log Dy= 
log[{|X —x|?-+|¥—y|2]'/*dSidS, (1) 


Sa/ 8) 
(x, y) being the co-ordinates of a point 
in S, and (X, Y) those of a point in S). 

If the rectangular areas are parallel- 
sided, are located as in Figure 1, and if 
P and D are positive (the necessity and 
the significance of this restriction are dis- 
cussed in section II), we have by equation 
1 


RSrs log Dn= 


‘D+R+r P+S+s 
i iE inis log [| Y¥—y|?+ 


|X —x|2]'/*dydxd VdX 


Evaluation of the quadruple integral— 
the details of integration are contained in 
the appendix—yields 


RSrs log Dy = —(25/12)RSrs — 
ae A 


(1/24) SY (-DHK(4y, BY) (3) 


i=1j=1 
wherein 


K(Ay, By) =(Ai$—64 2B? +B,;4) X 
log (A 2+. B,?) Vs_4 A,B, tan 1(A,/B,) — 
4A ,3B; tan~1(B;/A;) (4) 
and 


A,=D+R-+r; A:.=D+R; 4;=D 


Ay=D+r_ (8) 


54 TRANSACTIONS 


B,=P+S+s; B,.=P+S; By=P; 
Bu=P+s (6) 


Certain variants of equation 3 and of 
equation 4 are of value. Recalling that 


tan! (A;,/B,)+ tan! (B;/A;) =7/2 (7) 


providing A; B;=0 we have by equa- 
tions 4 and 7 


K(Ay By) =(A4—6A 7B? +B,') X 
log (A;?+B;?) 72444 ,B(A?— 
B,?) tan—} (A;/Bj) —20A ;°B, 
=(A,! —6A,/°B;?+ B;') x 
log (A?2+B,?)'/2+4A ,B( By —A7’) X 
tan —! (B;/A;) —27A,B7? 
; (8) 


As by equations 5 and 6 


4 4 
2nA,*) (1) Bi =2nBy) (—1)'41=0 
j=1 i=1 (9) 


providing both P and D are positive as 
postulated above, substitution of equa- 
tion 8 in equation 3 yields 


RSrs log Dy.= —(25/12)RSrs — 
4 4 
(1/24) )> \(-1)' M( Ay, By) (10) 
i=1j=1 
wherein 


M(A;, By =(Ai$—64 2By?2+-B;4) X 
log (A+B; 2)V24-44, .B(A?2—B;?) x 
tan~!(A;/B;) (11) 


By virtue of the equivalent forms of the 
right-hand members of equation 8, and 
similarly those of equation 11, we obtain 
the useful identities 
K(A;, B;) =K(B;, Aj); M(A;, B;) 

= M(B;, A;)—20A,B(BP—AP) (12) 


II. Generalization of P and D 


The reason for the restriction, in section 
I, of P and D to positive values is evi- 
denced by the following remarks on 
integration in the variable Y. If P and 
D are positive, we have Y>y,; whence 
(Y—y)=|Y—-y| and d(Y—y)/dY= 
d|Y—y |/dY over the domain of integra- 
tionin Y; and integration in Y with 
either (Y—y) or | Y—y| in the integrand 
yields the same value. But if P and D 
can, separately, take on either positive or 
negative values, then over the range of 
integration in Y it may be that (Y—y) 


Soe 


Figure 3 
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takes on both positive and negative 
values. If so, d|) Y—y|/dY=1 if Y>y; 
put d| Y—y|/dY=—1 if Y<y; |Y— y= a 
(Y—y) if Y>y, but |Y—y|=—(Y—y) if 
Y<y; and integration with (Y—y) in 
the integrand may yield a value different 
from that obtained with |Y—y| in the 
integrand: for example, 


2a 2a 
de (roa vno, but_f [Y=alaror 
0 0 
2a 
contrariwise, i |\vy—al*dY 
0 . 
2a 
-{ (Y—a)*d Y=2a3/3 
0 


When with this point of analysis in 
mind the quadruple integral in the right- 
hand member of equation 2 is evaluated 
for each possible relative position of the 
two parallel-sided rectangular areas—the 
details of integration are discussed in the 
appendix—it is found that in each case 
equation 3 yet results providing that in 
equation 3 A; and By, now indicate the fol- 
lowing (of which, obviously, equations 5 
and 6 are special cases) 


Ai=|D+R+r|; 42=|D+R|; As=|D|; 
A.=|D+r| (13) 


B,=|P+S+s|; Bere), B;=|P|; 

By=|P+s| (14) 
Further, as equation 7 is satisfied by 
these generalized values of A, and B,, 
equation 8 is likewise generally valid. 
Contrariwise, however, equations 10 and 
11 are valid only if both P and D are post- 
tive: nevertheless, as this case frequently 
occurs in practice, these latter equations 
are most useful. 

With the restriction on P and D thus 
removed, the foregoing equations afford 
the solutions to a host of electromagnetic 
problems (on the calculation of self-in-_ 
ductance and mutual inductance, re- 
actance, line voltage drop, short-circuit 
bus stresses, and the like) that confront 
the engineer concerned with the design 
of single or polyphase busses composed 
of parallel linear conductors with axes 
not necessarily coplanar and with right 
cross sections comprised of arbitrary con- 
figurations of parallel-sided rectangles. 


III. General Formulas for the 
Inductance and Reactance of 
Busses 


Though solutions to problems of the 
type just mentioned can be obtained by 
direct use of the formulas derived in sec- 
tions I and II, a considerable and very 
desirable simplification of the numerical 
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computation inherent to the actual de- 
sign of a given bus can be effected if 
these formulas are conjoined with certain 
very general expressions to be derived by 
repeated use of the cardinal theorem of 
geometric mean-distance theory. This 
theorem states that: 

TES), So, ..., Sm are the components of 
_atotal area S; if D,, D2, ..., Dm are their 
respective geometric mean distances from 
a second area S’; andif Dis the geometric 
mean distance between S and S’, then 


ESS log D= S15" log D+ 82S’ log Dy+ ees 
Hom log), (15) 


; A direct corollary of this theorem is: 
| Let S’ be comprised of component areas 
Si’, Se’, . . ., Sy’. Then as by equation 15 


i STO log D; = Ts log Dy+ 
S)S2’ log Dy2.+ ws +815,’ log Din (16) 


_ andas SS’ log Ds, . . ., Sm S’ log Dy can 
be expressed similarly, we have on sub- 
stituting equation 16 and like forms in 
— equation 15 


m 


SS’ log D= KE log Diy +5;S2'X 
i=l 


log Det ... +S;S,’ log Din) 
m n 


= >a > SeSs log Di; 


t=1j=1 


(17) 


We note for later use that if each of the 
two cross sections is comprised of identical 
components numbered alike, m=n and 
Sy log Dy=Sy log Dy. 

Alternatively, if the components of S’ 
are numbered from m+1 to m+n in- 
stead of from 1 to n, we obtain from equa- 
tion 17 


m m+n 
SS’ log D= me Doses log Di; (18) 
i=l j=m+l1 


For determining the self geometric 
mean distance of an area to itself equa- 
tion 17 is preferable; for determining the 
geometric mean distance between two 
distinct areas equation 18 is preferable. 

Granted the four postulates stated 
above, equations 15 to 18 inclusive facilt- 
tate derivation of convenient and compact 
expressions for the inductance of circuits 
comprised of parallel linear conductors of 
uniform but otherwise arbitrary cross 
section. Thus, invoking fundamental 
electromagnetic principles, if S, and S, 
are the cross sections of two conductors 
comprising a single-phase circuit carrying 
a current J, we have for the vector po- 
tential A(X, Y) at a point (X, Y) 


Amcontant2 ff wa toetlx—s|+ 
Sa 


| ¥—y|?]’*dxdy —2 Wp X 
Sb 
log [|X —x|?+ |Y¥—y|?]'/4dxdy (19) 
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L=-(2/1)[ 9) 


wherein wy and wy are, respectively, the 
current densities in S, and S,, taken posi- 
tive for current in one direction and nega- 
tive for current in the other direction 
(hence, waw, is a negative quantity, 
Wa” and wy? positive quantities, and 
T=wSa= —wySp). The energy in the 
magnetic field associated with the cir- 
cuit is 


ways fo fac, Y)wadXd V+ 
Sa 
vf face Y)wydXdY (20) 
Sb 


Substitution of equation 19 in equation 
20, and then of equation 1 in the resulting 
expression yields 


W = —(2QwgwySgSy log Day + 
Wa?Sq? log Dag Wp2Sp? log Dy) 
=I? log (Dan?/DaaD vo) (21) 


Finally, recalling that W = LI?/2, we have 
from equation 21 


L= —(2/I*)(2wgwySgSp log Day we2Sq?X 
log Daa tWp?Sp? log Dy») 
=2 log Day?/DaaP ov (22) 


If each of the two conductors is com- 
prised of several component conductors 
connected in parallel, m comprising that 
with cross section S, and » that with cross 
section S,, substitution of appropriate 
forms of equations 17 and 18 in equation 
22 yields 
m+n 


SY 2w 0454S; log Dij = 


i=l j=m+l1 


™m™ m™m 
poy > we045;5; log Dy+ 


i=l j=l 
m+n m+n 


yy wyw,S,S; log Dy | 


i=m4+1 j=m+l1 
m+n m+n 


=~ —(2/I*) > > wa, S15; log Diy (23) 


i=l j=1 


If we have two distinct circuits com- 
prised of p+ conductors in toto, p com- 
prising one circuit and carrying current 
I,, q comprising the other circuit and 


S| 


So $3 


Figure 4 
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carrying current J,, a similar analysis 
yields for the energy associated with the 
two circuits 


D+d D+d 
wa - 3 Se 


i=1j=1 


Ww Sy Sy log Diy (24) 


Recalling that 
W = MI pIqg+LpIp2/2+Lelq/2 (25) 


substitution of equation 24 and of ap- 
propriate forms of equation 23 in equa- 
tion 25 yields for the mutual inductance 
M 


P+qd p+d 
M=—(1/Iplg)[ >) > wevStS; log Dy— 
i=1j=1 
P >? i 
Ss Dwi StS; log Dy 
i=1 j=1 
(ie at 
> DY weanyS,5y log Dy | (26) 
i=l j=l 
S4 
S3 
S| Ss 
S2 S6 
Figure 5 


With regard to the physical quantities 
mentioned to this point, all units are in 
the absolute system: linear dimensions 
in centimeters, current J in abamperes, 
energy W in ergs per centimeter of line 
length, self inductance L and mutual 
inductance M in abhenrys per centimeter 
of line length. The 60-cycle reactance X 
in ohms per thousand feet of line length 
is obtained by multiplying a value of 
inductance by 11.48 10~%. 


IV. Polyphase Systems 


In calculating the performances of poly- 
phase systems it is necessary to know the 
reactance voltage drops on individual con- 
ductors. The well-known formulas for 
calculating the reactance drops are easily 
derived. In an n-phase system comprised 
of 1 distinct conductors, one conductor, 
say a, can be considered as carrying cur- 
rent J, (the currents are expressed as 
complex numbers), and the remaining 
n—1 conductors can be considered as 
connected in parallel and carrying the 
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return current —I,=(Ip+/-+ .. . +Jn). 
Accordingly, as the energy associated 
with conductor a is given by W,= 
1/)f Aw dS,, we obtain by selection of 
the appropriate terms from equation 22 
that the associated inductance, La= 
(reactance drop on conductor a)/(27fIa), 
is 


Lg = —(2/Iq?)(we?Sq? log Daa t 


n 
waSa 4151 log D4i) 


i=b 
n 


Se ) (Zi/Ig) log Dg; abhenrys per 
t=ma 
centimeter of conductor length (27) 


By equation 27 the 60-cycle reactance is 


n 
MAS =2400 > (Ii/Ia) log Da; abohms per 
i=a 
centimeter of conductor length 


n 


= 0.0528) Ui/Ia) logio (1/Das) ohms 
i=a 
per thousand feet of conductor length 


n 
=0.2794) (Ii/Iq) logo (1/Dai) ohms 
i=a 


per mile of conductor length (28) 


If the individual conductors are com- 
posite, a composed of a’ conductors num- 
bered from 1 to a’, b of b’ conductors 
numbered from a’+1 to a’+b’, and cor- 
respondingly for the others, we obtain by 
substitution of appropriate forms of 
equation 16 in equation 27 


, 


a a’ 
L=—(2/I,2) p» ww; S;,S; log Diz;+ 


i=l j=l 


De WiWpS,S; log Dy+ aiale a 
P= Faq 


a’ m’+n’ 
> DS WW; S57 log D, | 


t=1 j=m'+1 


a’ a‘t+...+n’ 
= —( 2/12)| SY) wwy5S;5; log Da | 


i=% j= 1 


abhenrys per centimeter length (29) 


Corresponding formulas for the re- 
actatice are obvious from equation 28. 


V. Some Illustrative Examples 


The various parts of example 1 are ad- 
vanced as corroborative of the funda- 
mental formula given in equation 3, 
wherein 4; and B; are as defined in equa- 
tions 13 and 14. The succeeding examples 
are advanced as demonstrative of the ap- 
plication of the content of sections I to IV 
to the design of standard busses of various 


types. 
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EXAMPLE |] 


Part A. 
of Figure 1 are tobe considered as identical 
and superimposed. For this case: r= R; 
s=S; D=—r; P=—s. Then equations 
13 and 14 yield: 4;:=A;s=r; A2=As=0; 
B,=B;=s; B.,=Bi=0. Whence, re- 


calling that lim «4 log x=0, substitution 
r—>0 


in equation 3 as indicated yields Max- 
well’s well-known formula for the geo- 
metric mean distance of a rectangular 
area to itself 


log Diz=log (r?-+5?)'/? —(12/6s?) log [(r?-+ 
3) /r2}'/2 —(s2/6r2) log [(r?-+s%)/s?]'/2+ 
(2s/8r) tan! (r/s)+(2r/3s) tan~1 (s/r) — 
25/12 (30) 


IAs ee The two rectangular areas 
of Figure 1 are to be considered as 
identical squares (R=S=r=s), so lo- 
cated that P=D=0. Then equations 13 
and 14 yield: 4;=B,=2r; A,=B,=Ag= 
By=r; A3=B3=0. Whence, substitution 
in equation 3, as indicated, yields the 
known formula due to Rosa (reference 
16, page 13) 


log Dw=log r+3 log 2—(7/12) log 5— 
4 tan—1(1/2)-+a—(25/12) 
= log r+0.34427 + (31) 


Iikae (Ce In similar fashion, if we 
take r7~R, s#S, D=D, P=—(s+S)/2, 
we obtain Gray’s well-known formula for 
the geometric mean distance between two 
dimensionally different, symmetrically lo- 
cated rectangles (reference 16, page 6); 
if we consider two identical squares 
(R=S=r=s), so located that D=O and 
P=P, we obtain the known formula due 
to Rosa (reference 16, page 12); and if 
we take r#R, s¥#S, D=—(r+R)/2, 
P=—(s+S)/2, we obtain the writer’s 
formula for the geometric mean distance 
between two symmetrically superimposed, 
dimensionally different rectangles (refer- 
ence 11, page 1049). Accordingly, as 
verification of the analysis of sections I 
and II we have that equation 3 yields the 
known formulas for those special cases 
of the geometric mean distance between 
two parallel-sided rectangles that have 
been treated hitherto. 


EXAMPLE 2 


A single-phase bus is comprised of two 
identical channels placed back to back 
(Figure 2). To calculate the inductance 
per-unit length of bus: 

Each of the two channels can be con- 
sidered as comprised of two component 
conductors: one of full rectangular cross 
section wherein current exists in the 
same direction as in the channel, the other 
of smaller rectangular cross section hav- 
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The two rectangular areas 


ing current in the opposite direction. 
Hence: S;=S4; So=S3;) w= —W.=W3= 
—wy=1/(S;—S»2). Substituting in equa- 
tion 23 yields 


4 4 ‘ 
= -(2/P) >> YD witey S45) log Dj; abenrys: 


i=1 j=1 


per centimeter of bus length (32) 


Substituting in equation 32 as indicated 
and collecting terms, we have 


L=—([4/(S1—S2)?][Si27dog Du — log Du)+ 
S2(log Do— log Days) —2S,Se(log Dy2—- 
log Dis)] (33) 


Corroboratively, if S,=5S;=0 we have 
conductors of full rectangular cross sec- 
tion, and equation 33 reduces to the 
known formula L=4 log (Dys/Du). 

The six geometric mean distances in 
the right-hand member of equation 33 can 
be calculated from equation 3. Com- 
monly, though, the value of the self 
geometric mean distance of a rectangle or 
of the geometric mean distance between 
two rectangles, symmetrically and ex- 
ternally located relative to one another, 
can be obtained—and usually more 
quickly than by calculation—from tables 
contained in certain of the references, 
especially reference 9. For other than 
this restricted class, though, equation 3 
must be used perforce. 


EXAMPLE 3 


A single-phase bus is comprised of two 
identical open hollow rectangular con- 
ductors, each conductor consisting of two 
slightly separated channels placed flange 
to flange (Figure 3). To calculate the 
inductance per-unit length of bus: 

Each of the two conductors can be 
considered as comprised of four compo- 
nent conductors: two of rectangular cross 
section wherein current exists in the same 
direction as in the split conductor; the 
remaining two of smaller rectangular cross 
section having current in the opposite 
direction. Hence: S;=Sis=S;=S3; So= 
S3=Se= S73 w= —ur= age U3 — Ug 5 
We=W7= —Wa=1/2(Si—S2). By equa- 
tion 23 the inductance of the bus is 


8 8 
L=-(2/1))> > wanyS4S; log Dj; ab- 


i=1 j=l 


henrys per centimeter of buslength (34) 


Substituting in equation 34 as indicated 
and collecting terms yields 


L=— [1/(.S1 — S2)?] [S2(2 log Diu+ 
2 log Dis—2 log Dis— log Dig— log Dus) + 
S22(2 log Doz+2 log Dos—2 log Dog — 
log Do — log D3) —2S,S9(2 log Dy+ 
2 log Dis— 2 log Dis— log Dyz—log Dis) ] 
abhenrys per centimeter of bus length 
(35) 
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vial 
EXAMPLE 4 


A single-phase line is comprised of two 

identical conductors of J cross section 
(Figure 4). To calculate the inductance 
per unit of bus length: 

Each of the two conductors can be con- 
sidered as comprised of three component 
conductors: one of rectangular cross sec- 
tion wherein current exists in the same 
direction as in the conductors of I cross 
section, the remaining two of smaller 

} rectangular cross section having current 
; in the opposite direction. Hence: S;=Ss; 

S2= S3=S,= Ss; W= —We= — Ws = Wy = 
Ws= —wWe=I/(S1—2S2). By equation 23 
the inductance of the bus is 


; 6 6 
S L=-—(2/I*) >$. Dw /5,5; log Dy 


‘ i=l jml 
abhenrys per centimeter of bus length (36) 


Substituting in equation 36 as indicated 
and collecting terms yields 


L=-— [4(.S: —2S2)?] [.Si2(log Dy— log Dis) + 
S27(2 log D22+2 log D.3—2 log Dy— 
log Des— log Dx) —2S,S:(2 log Dyz— 
log Dyu— log Dys)] abhenrys per centi- 

meter of bus length (37) 


EXAMPLE 5 


A three-phase line is comprised of 
three equilaterally spaced rectangular 
tubular conductors (Figure 5). To cal- 
culate the inductance associated with one 
conductor, say a: 


Each rectangular tubular conductor 
can be considered as comprised of two 
component conductors: one of rectangular 
cross section wherein current exists in the 
same direction as in the tubular conduc- 
tors, the other of smaller rectangular cross 
section having current in the opposite di- 
rection: Hence: S;=S3;=55; Se=S4=Se; 
W=—W; wW=—wW=wWE ™; w= 
—Ws= wet”, By equation 27 the asso- 
ciated inductance of the conductor a is 


2 6 
Lq= —(2/Iq*) ay > wy StSs log D1; 


i=l j=1 
abhenrys per centimeter of conductor 
length (38) 


Noting that w;=I,/(S:—S2), we obtain 
on substituting in equation 38 as indi- 
cated and collecting terms 
Lg= —[2/(Si—S2)?) [S:%{ log Dute-#" X 

log Dis €*732°° log Dis) +S2{log Doe+ 

E120 log Dog €+7120° log Doe) + 
25,S2 (log Dy +€771°" log Dist 
€+4120° log Die)] (39) 

Corroboratively, if S:=Ss=Se=0, the 
conductors are solid, and equation 39 re- 
duces to the well-known expression 
L,= (2/Iq) [Iq log (T/ Dl) +e log (1/Dg») + 

I, log (1/Dg,)] abhenrys per centimeter 

of conductor length (40) 
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Equation 40 also follows from equation 
39 for the case of tubular conductors 
which are so thin that the cross sections 
can be considered as but comprised of 
four line segments. A specific treatment 
of this particular type of conductor and 
several numerical examples are to be 
found in a paper by Dwight and Wang :?? 
they consider but square cross sections. 


Appendix 


Explicit evaluation of the 
integral 


D+R+r P+S+ys r s 
f dh i fo [| ¥—y [2+ 
D+R P+S . 3 


|X —x|?]'/*dydxd VdX 


quadruple 


varies according as: (i) both P and D are 
positive; (7) one or both of P and Dis 
zero or is negative. In the first case, no 
logarithmic singularities are encountered in 
the course of evaluating the integral; 
whence integration can be effected directly 
through use of known tabulated integrals. 
In the second case, however, logarithmic 
singularities are encountered. These singu- 
larities necessitate repeated use of limits; 
whence the evaluation is considerably com- 
plicated. Additionally, as these singulari- 
ties occur in a manner that varies with the 
relative position of the two rectangular 
areas of Figure 1, the process of integration 
must be modified for each possible distinct 
relative location; that is, for each possible 
combination of P and D mentioned in case 
(ti). Each of these various integrations has 
been effected; the very lengthy, purely 
formal analysis incident to evaluation is 
contained in a complementary paper to be 
published elsewhere. These integrations, 
however, differ only in mathematical detail 
from that for case (7), which follows. As 
mentioned, this case (P, D>0) isthesimplest 
to evaluate: even so, the easily reproduced, 
elementary analysis is so extensive and 
space filling that it is deemed advisable to 
present but the end result of successive 
integrations. 
First 


8 
fe [(Y—y)?+(X —x)?]/4dy 
0 


1 
-| -hu-y Loe (Ve) eta X20) 2) 


(X —x) tan—1 (Y—y)/(X —x)+ 


y=s 
-» | (41) 
u=o0 


From equation 41 we obtain 


ff ff log [((Y—y)?+(X —x)?]'/*dydx 
0 0 


“| [Fr log [((Y—y)?+ 


1 
(CG 20) 7) ale y)?—(X —x)?] X 
tan—( Y—y) /(X —x)+21( Y—y)?/2— 


y=sqc=r 
(YX —2/24(1 =| | (42) 


ViF=0, aan) 
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From equation 42 we obtain 


P+S+s i s 
i Hh ie llog( Y—y)?+(.¥ — 
P+s 0 0 


x)?]'/*dydad r-{[[? (Y—y)*X—x) — 


1 
59 OX — 9) Nog [(Y—y)*-+(X —x)4]— 


(1/6( Y—y)®—1/2( Y—y)(X—x)?] tan-? (Y— 
y)/(X =x) +a ¥ —y)8/6 -—5( Y —y)(X— 


Ys csr Wy = P+S8+5 
x) /12-+( Y— 9/2 | | (43) 


ba OY he, 


From equation 43 we obtain 


D4+-R+-r P+S+8 r 8 
ifs i ifs log ((¥—y) + 
D+r P+s 0 0 
1 
X —x)?]'/*dydad VdX = ||-4 
( v)? | dydx | 43° 


Oy yer Y Pay K ee ey 
(X =x)‘] log (CY —y)*+(X —x)*]— 


1 
gl Yo) NX =a) = 9) Sma) 1X 


tan~!(Y—y)/(X —x) —13(Y—y)?*x 
(X —x)?/48-+2X(¥ —y)#/6-+ 


y=s qr =7r TY = P+S+s 7X = D+R+r 
( r—yexe/2 | | | 
y= 0 Jc =01Y = Pts Xie Dy 


(44) 


Finally, substituting the limits in the 
order indicated and collecting terms, we 
obtain from equation 44 that 


D+R+r P+S+s T s 
af f ii i log [(Y—y)?+ 
Dt+r P+s 0 0 


(X —x)2]'/%dydxd VAX = —(25/12) — 


4 4 
(1/24) 3° $0 (1)? K(A;, By) (45) 


(= Ll f= 1 


wherein A,, B,, aud K(A;, B,) designate the 
quantities defined in equations 4, 5, and 6. 
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Steady-State and Transient-Stability 
Analysis of Series Capacitors in Long 


Transmission Lines 
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N_ long-distance large-block power 
transmission, where is reactance com- 
pensation applicable? The complete an- 
swer to this question involves the weigh- 
ing ‘of compensated line performance 
against its costs, tempered with engineer- 
ing judgment. This paper presents the 
results of an analysis made to determine 
basic performance data of compensated 
lines under steady-state and transient 
conditions. The data presented there- 
fore allow the question to be partly an- 
swered and, it is believed, to a sufficient 
degree to permit certain general con- 
clusions to be drawn. The system de- 
signer is thus provided with the funda- 
mentally necessary data permitting him 
to proceed with an economic analysis for 
his particular case, where the cost factors 
are available. It is felt that in this field 
Paper 43-13, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943. Manu- 
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lies the value of these data. The costs 
of the various factors for a particular 
case can be weighed with the perform- 
ance obtained by the same factors. The 
best design must necessarily be one 
where per cent line compensation, num- 
ber of parallel circuits, generator short- 
circuit ratio, and number of intermediate 
switching stations are all used to their 
optimum degree for a given reliability 
of service. The number of factors which 
may be varied obviously depends upon 
whether compensation is to be used for 
increasing the power limits of a system 
already in operation or to be used as a 
factor in the design of a projected sys- 
tem. 

The urgency of the times and the re- 
quirements the war effort is placing and 
will place on the transmission systems, 
and projected, coupled with the necessity 
of careful use of critical materials, em- 
phasizes the importance and timeliness 
of the subject. The compensated line 
concept is not new, but the basic per- 
formance data presented are, and they 
should prove useful in helping to deter- 
mine the expected gains of reactance com- 
pensation in projected and _ existing 
systems. A more complete analysis can 
be made for a particular system when it 


is necessary to determine in detail the 
effect of various operating conditions and 
arrangements peculiar to the system 
under consideration. 


General Conclusions 


The data given are specifically per- 
formance data, showing what can be ac- 
complished technically with compen- 
sated lines. A satisfactory excursion into 
the economic realms is outside the scope 
of this paper. The availability of certain 
materials during the present times—as 
well as during normal times—obviously 
will have its influence in the ultimate 
solution of a transmission problem. 


1. The first and obvious conclusion is: 
Reactance compensation is an effective 
method for increasmg the transient- and 
steady-state-stability limits of a transmis- 
sion system. 


2. Existing systems, composed of machines 
with average characteristics and lines as 
short as 150-175 miles—whose characteris- 
tics are fixed, because the machines are 
already installed—can materially increase 
their stability limits with acceptable mar- 
gins by reactance compensation. 


3. The relatively large gains available 
through the use of special generator char- 
acteristics, intermediate switching stations, 
high-speed switching and relaying indicate 
their fundamental usage in projected systems 
above 200 miles in length whether or not 
reactance compensation is used. The eco- 
nomic line-length threshold of reactance 
compensation (not determined in this paper) 
will obviously vary in projected systems as 
the relative costs of all factors change. 


4, Reactance compensation appears to be 
an essential requirement for a-c transmission 
of economic blocks of power with lines above 
300 miles in length. 


5. Since reactance compensation provides 
an effective manner of increasing the sta- 
bility limits above the original design values, 
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their possible use should tend to encourage 
a consideration of larger conductor sizes in 
order that the benefits from their use may be 
fully realized at the heavier system load- 
ings. 


6. The voltage rating of the series-capaci- 
tor equipment should be determined by— 
among other factors—the current during a 
stable-system transient oscillation, if maxi- 
mum effectiveness is to be realized. This 
may mean a capacitor with higher than 
normal dielectric strength. 


General Method of Analysis, 
Base Used, and System Studied 


(a). The data presented in this paper, 
particularly those relating to transient sta- 
bility, were obtained with the aid of an a-c 
network analyzer. The system was set up, 
with constants selected as described in the 
appendix and torque-angle curves obtained 
for the various conditions of fault on and 
off. - Critical switching times were obtained 
by the application of the equal-area criter- 
ion.! Much of the steady-state work was 
done by well-known graphical methods.? 


(b). It has been shown previously? that 
the loading of a transmission circuit varies 
with the square of the line voltage. For this 
reason it was considered convenient to 
make these studies on a kilovolt-ampere and 
kilowatt base which is given by the (kilo- 
volts)? of the circuit under consideration 
Thus the data presented are entirely general 
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and useful for any actual quantity of power 
and any value of voltage, except as the rela- 
tion between these two quantities affects 
the per-unit power. The per-unit power 
transmitted on a (kilovolts)* base is given 
by the ratio 


kilowatts transmitted 
(transmission kilovolts)? 


[For example, 150,000 kw on a (kilovolts)? 
base of (220)? gives a per-unit power of 3.1 
and on a (161)? base gives a per-unit power 
of 5.0.] : 


(c). Based on a line surge impedance of 
400 ohms, which is very nearly constant for 
all high-voltage lines, it has been shown? 
that the surge impedance or unity power- 
factor loading of such lines is 2.5 times the 
(kilovolts)?; hence this value of per-unit 
circuit loading on a (kilovolts)? base is the 
unity power-factor loading. Since at this 
loading the line reactive losses are entirely 
supplied by the charging kilovolt-amperes 
of the line itself, it is generally considered a 
good operating loading. With reactance 
compensation, part of the line reactive losses 
are supplied by the series capacitors; hence 
the loading which will consume the line- 
charging kilovolt-amperes is increased. 


(d). A typical hydroelectric system was 
selected as the basis for this study, since 
long lines in general involve this type of 
system, and it is this type that generally 
has the more severe stability problems. A 
sketch is included with each.curve showing 


the system arrangement applying for the 
particular case studied. Refer to the ap- 
pendix for reactances and constants chosen. 


(e). The stability analysis in general in- 
volved the selection of a generator kilovolt- 
ampere rating of C times the (kilovolts)?. 
For each such rating selected, the rating of 
other terminal apparatus was made to 
match also by dividing its reactance on 
rating by the factor C, as discussed in Ap- 
pendix II, In the steady-state-stability 
studies, summarized in Figures 1 to 3 in- 
clusive, various values of system rating C 
were selected and the power limit for each 
determined. For convenience, the diagonal 
per cent margin line was included which 
intersects the power-limit curve at the per 
cent margin indicated. For the transient- 
stability studies, Figures 9 to 16 inclusive, 
various system ratings of C were selected 
and for each the critical switching time 
plotted, assuming the sending-end generator 
fully loaded before the fault. 


Discussion of Results 


I. Sreapy-STATE STABILITY, SINGLE- 
Circuir LINE—FIGuRE 5 
(a) Results With Average Generator 


Characteristics 


1. 250 Miles. Zero compensation per- 
mits a per-unit generator rating of 2.9 to 
transmit full load with 20 per cent margin. 
This value is substantiated by present prac- 
tices. In the future heavier loadings are 
technically feasible, and they may be justi- 
fied by reactance compensation; for in- 
stance, 50 per cent compensation allows a 
rating of 5.1 with 20 per cent margin. 


2. 300 Mules. A per-unit rating of 
2.5, generally referred to as the surge-im- 
pedance loading of an uncompensated line 
or the loading where the line supplies its 
own Ix losses can be handled at this line 
length with: 


0 compensation with 10 per cent margin 
25 per cent compensation with 25 per cent 
margin 


Thus, for this line length and this type of 
system, it appears that some compensation 
would be needed for steady-state stability 
for transmission of economical magnitudes 
of power depending upon the required mar- 
gin. 

8. 400 Miles. A per-unit generator 
rating of only 2 can transmit full load with 
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10 per cent margin a distance of 400 miles 
with no compensation. This indicates that 
series capacitors are undoubtedly required 
in lines of this length to transmit justifiable 
amounts of power. 


(b) Amount of Compensation. There 
is an optimum value of compensation 
from a_ stability standpoint for a 
given line length. For a 300-mile line 
this value of compensation is about 75 
per cent for the system constants chosen 
as shown in Figure 7. As the line length 
increases, this value also increases. 
Above this optimum value the over-all net 
impedance is predominantly resistance, 
so that voltage difference rather than 
phase angle tends to govern load flow. 
This is shown clearly in Figure 7 where 
the power which may be transmitted for 
compensation greater than optimum is 
larger for a line having five per cent volt- 
age drop than for a line with flat regula- 
tion. 


Table | 


Power Limits for Four Cycles 


No. Switch- Clearing —Two Lines 
ing Stations (Per Cent Compensation) 
0 25 50 75 
(Dias ase cit sbi ace oc 
DAR SS ty CREO ON CR aE ta BO iee aod 4.4 
Sis Fens ENED aes POR cee AO ees 6.05 
Were Je LEN AN iI Oe th Bk oe 


(c) Effect of Generator Short-Circuit 
Ratio. See Figure 8. This factor was 
investigated for the 300-mile line operat- 
ing at 20 per cent margin with the follow- 
ing results: 


1. A compensation of 25 per cent will 
permit use of 1.2 short-circuit ratio in place 
of 2.0 with zero compensation, in transmit- 
ting output of a 2.5 per-unit generator. 


2. A compensation of 50 per cent will 
permit use of short-circuit ratio of 1.3 in 
place of 2.5 with 25 per cent compensation 
in transmitting output of a 4.0 per-unit 
generator. 


(d) Summary, Steady-State Single-Cir- 
cutt-Line Results. It appears that, 
using a generator of average constants 
with a line length approaching 300 miles, 
some series compensation is required 
for steady-state stability to transmit 
more than that corresponding to the 
surge impedance loading of an uncom- 
pensated line, and so it follows that with 
loadings above this for line lengths below 
300 miles, some compensation may be 
required, depending upon the generator 
characteristics. It should be noted that, 
while the data for steady-state stability 
are given for one circuit line, they apply 
for multiple circuit lines with all lines in 
on a per-circuit basis; for example, two 
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such units studied may be operated in 
parallel with a steady-state limit of 
twice that given. 


Il. TRANSIENT STABILITY, SINGLE-CIR- 
cuir LIne, STUB-FEEDER FAULTS 


(a). Results With Average Generator 
Characteristics. The stub-feeder type 
of fault was considered the most severe 
worth studying, since a fault on the main 
line would obviously result in an un- 
avoidable loss which is a well recognized 
limitation of single-circuit lines. In 


Table Il 
Read 
From 
Figure At 230 Ky At 287 Kv 
Per-unit  kilo- 
watts trans- 
ponbhe tate berepeeEeeiG theata 4.72 3.03 
Per-unit kilo- 
watts per cir- 
CULE As sete pacenerctaaesers te 2.36 1.52 
Steady-state 
power limit 
percircuit..... 2 
0 compensa- 2.7 (14.5 2.1 (38 per 
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compensation...... \pe cent f=: 2.1* 
margin) 
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compensation...... pet cent | *Estimated 
t ameeit 
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Two switch- 
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25 per cent 
compensa- 
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compensa- 
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evaluating these data, it is felt that a 
total clearing time of six cycles is reason- 
able, as this type of fault would occur in 
the low-voltage system at the receiver end. 
While these data were obtained, using a 
single-circuit line, they apply on a per- 
circuit basis to multicircuit lines. 


1. 150 Miles. It is found in the study 
that the full output of a per-unit generator 
rating of 2.8 can be transmitted with zero 
compensation, while a rating of 4.5 can be 
transmitted with 25 per cent compensation. 
If line loading above approximately 3 is 
desirable, then series capacitors will reason- 
ably permit such operation in this area. 


2. 300 Miles—Figure 10. It is inter- 
esting to note for this case that 50 per cent 
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compensation is required to transmit any 
reasonable power. For instance, with six 
cycles clearing, the full output of a maximum 
generator rating of 3 may be carried through 
a stub feeder fault with 50 per cent compen- 
sation. This loading is not particularly 
heavy, and so more compensation in a par- 
ticular instance may be justified. For ex- 
ample, it is technically possible to transmit 
(eight kilovolts)? and 75 per cent compensa- 
tion, but such loading will be tempered of 
course by economics. 


8. 450 Miles—Figure 11. With a 
switching time of six cycles, 66 per cent com- 
pensation is required to transmit full load 
of a per-unit generator rating of 2.5. This 
indicates that compensation is needed to 
justify a line of this length. Further, the 
allowable compensation falls within a rather 
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Figure 4. Data from Figures 1, 2, and 3 

showing power limit in terms of generator 

rating with zero margin for various line 
lengths 
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narrow range, something between 65 per 
cent and 80 per cent (Figures 7 and 11). 

The stub-feeder faults as shown in 
Figure 11 indicate that the transient limit 
for small switching time is higher than 
the steady-state limit. These two bound- 
aries define the results obtaining during 
the first swing and after an infinite num- 
ber of swings, respectively. Because of 
the labor involved in determining com- 
pletely this transition, only the two 
boundaries were given, so that the upper 
portion of these curves should not be 
taken too literally, but only as an indica- 
tion of magnitude. 

(b). Interpretation for Other Conditions. 
It should be noted that all of these data 
permit cross-plotting for interpolating 
and determining switching times for 
values of line length and per cent com- 
pensation different than those chosen. 
Further, the switching times for a given 
set of conditions, but utilizing machines 
with different inertias, may be deter- 


ELECTRICAL ENGINEERING 


"GENERATOR R. 


—@ 
iT KW 


R UNI 


ATING | > 


75% COMPENSATION, 

20% MARGIN 

50% COMPENSATION, 
MARGIN 


< 20% 
>\225% COMPENSATION, 20% MARGIN 
OOMPENSATION, 20% MARGIN 


2 
LINE LENGTH IN MILES 
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showing power limit in terms of generator 

rating with 10 per cent and 20 per cent margin 
for various line lengths 
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mined by increasing the time by the 
factor 1/H/3, H being the new constant 
and 3 the value used in obtaining the data. 


III. Sreapy-Strate STasiiity, Two 
PARALLEL LINES—FIGURE 12 


For two-line circuits the worst fault 
through which the system may ride is a 
three-phase high-voltage fault at the 
sending end, resulting in loss of a line 
section. In view of this it is desirable to 
investigate the steady-state stability of 
the system with one line section out. 

The multiplicity of the variables in- 
volved limited the scope of the investiga- 
tion in general to a line length of 300 
miles. This value was chosen since 
lengths in this area are being considered 
for future power transmission, and this, 
as well as previous studies, indicates that 
such lengths fall within a region where 
series capacitors should be given con- 
sideration. 

The data summarized in Figure 12 
show clearly how switching stations may 
be traded for compensation. It is inter- 
esting to note that 25 per cent compen- 
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Figure 6. Data from Figure 2 showing effect 
of margin on required compensation, for a 
300-mile line 
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Figure 7. Effect of 
line voltage level on 

steady-state limit gi 
Power limit in terms 
of generator rating 
with 20 per cent 
margin, for 300-mile 

line 


GENERATOR RATING IN PER UNIT KW 


sation in the center of the line utilizing 
one switching station is equivalent to a 
large number of switching stations for 
steady-state stability with average gen- 
erator constants. However, it must be 
remembered that the number of switch- 
ing stations is dictated primarily by the 
transient-stability requirements. 


IV. TRANSIENT STABILITY, Two 
PARALLEL LINES 


In the analyses, data were obtained 
enabling the comparative effects of 
switching stations, per cent compensa- 
tion, and clearing times to be studied. 
In evaluating the data, a total clearing 
time of four cycles will be used. 


(a) Results With Average Generator 
Characteristics 
1. 150 Miles—Figure 13. Zero com- 


pensation allows a per-unit generator rat- 
ing of 2.7 with no intermediate switching 
stations. As can be seen from Figure 13, 
probably more than the economic value of 
power can be transmitted with no compensa- 
tion by the proper choice of switching sta- 
tions. Economics obviously would deter- 
mine whether switching stations, special 
generator characteristics, or compensation 
should be used to accomplish a given result. 
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2. 800 Mules. The data given in 
Figures 14 through 17 for two parallel lines 
with 0-4 switching stations for various de- 
grees of compensation are summarized in 
Table I for a clearing time of four cycles. 
Here the comparative effects of compensa- 
tion and switching stations are readily seen. 
For example, 25 per cent compensation 
with three switching stations permits nearly 
the same per-unit generator rating as four 
switching stations with zero compensation. 
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Power limit in terms of generator rating with 
90 per cent margin, for 300-mile line. As- 
sumed Xq(equiv) =0.7/short-circuit ratio 
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Similarly, two switching stations with 75 
per cent compensation gives more margin 
than three switching stations with 50 per 
cent compensation. 


Stability cannot be maintained for 
four cycle clearing time for the full out- 
put of any generator rating with the 
combination of conditions identified by 
the vacancies in Table I. 

These loadings are well under the unity 
power-factor loadings, which are usually 
considered good average economic val- 
ues. Hence, it appears fundamental 
that special generator characteristics 
such as high inertias and low transient 
reactances should be used in long lines 
whether compensation is used or not. 

(b). Interpretation of Results for Dif- 
ferent Machine Characteristics 


1. Effect of Generator Transient React- 
ance—Figure 18. The effects on clearing 
time of a change in the machine reactance 
for several combinations of compensation 
and switching stations for a 300-mile line 
were studied. The results given in Figure 
18 indicate that with a clearing time of 
four cycles, the full output of a per-unit 
generator rating of 2.5 can be transmitted 
with a 20 per cent transient reactance, two 
switching stations, and no compensation, as 
compared with a 30 per cent transient re- 


Figure 11. 


Hydroelectric generating station carrying 


if 


Switching-time curve for three-phase stub-feeder fault at low- 
voltage receiving end, 450-mile single-circuit line 


actance, one switching station, and 50 per 
cent compensation. 


2. Effect of Generator Inertia. Switch- 
ing times given by these data may again be 
readily modified to apply to machines hav- 
ing inertia constants different from that 
used in the study, since they vary as the 
WALT 

Refer to Figure 15 to see the effect of 
changing both H and x,’ in a particular 
instance. 


V. PROTECTIVE EQUIPMENT AND 
CAPACITOR VOLTAGE RATINGS 


In addition to normal load current 
through series capacitors, short-circuit 
currents and system swing currents after 
fault clearing must be considered. 

Protective equipment will be required 
in general for short-circuiting the capaci- 
tors during the fault period. After the 
fault is removed the magnitude of the 
swing current may be such that it might 
be necessary to short-circuit the capact- 
tors. Reference to Figure 19, which 
shows times normal swing currents which 
were measured during the single circuit— 
stub-feeder fault study, indicates that 
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for a 150-mile line having 75 per cent com- 
pensation and a per-unit kilovolt-am- 
pere loading (C) of 4.0 (which is probably 
less than could be justified for this type of 
circuit), the swing current reaches 2.7 
times normal. 

Referring to Figure 19, the maximum 
swing current is given by 


Pope [holies Ey 
‘5 ee = 
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where 


Xq=total apparatus reactance on rating 
x, =net line reactance 
C=per-unit apparatus kilovolt-amperes 


Since the per-unit normal capacitor 
current is C, the times normal swing cur- 
rent is 
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This shows that, as the kilovolt-amperes 
transmitted (C) increases, the maximum 
swing current decreases for a given net 
line reactance. Also, as the line react- 
ance decreases holding C constant, the 
swing current increases, as would be ex- 
pected. 

For the system selected, the maxi- 
mum swing current will not exceed 2.7 
times normal because 


(a). This value is obtained with a low 
value of C for the shortest line with the most 
compensation resulting in the lowest x;. 


(b). For greater values of C and x, the 
swing current will be less as shown above 
and by the curves, Figure 19. 


These same per-unit values hold for multi- 
circuit lines with all circuits in. For the 
parallel line case with one line section 
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Figure 13. Switching-time curve for three- 

phase fault near sending end of one of two 

parallel 150-mile lines, for 0, 1, 2, and 3 
intermediate switching stations 


Fault results in tripping out of faulted line 
section. Hydroelectric generating station 
carrying full rated load before fault 


tripped out as a result of a fault clearing, 
the swing currents will be less than shown 
in Figure 19, because x; is increased by 
virtue of the removed line section. The 
capacitor unit voltage rating should 
thus be determined by these current 
swings if maximum effectiveness is to be 
realized. 

For certain fault locations the currents 
may be at times of such magnitude as to 
require the action of protective equip- 
ment. After the fault is removed, the 
capacitors should be placed back in 
service immediately, if maximum effect 
in maintaining stability is to be realized. 
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Figure 14. Switch- 
ing-time curve for 
three-phase fault 
near sending end on 
one of two parallel 
300-mile lines, with 
one intermediate switching station 


Fault results in the tripping out of the 
faulted line section. Hydroelectric generating 
station carrying full rated load before fault 


The effect of short-circuiting the capaci- 
tors instantaneously and then restoring 
them two cycles after the faulted line 
section is switched out is shown in Figure 
15. This calculation involved the use of 
the equal area criterion as previously 
outlined.4 The curves indicate that on 
this basis the most severe fault requiring 
the switching out of the capacitor is a 
little more severe than a _ three-phase 
fault on the sending end where the capaci- 
tors can be left in, or by-passed and im- 
mediately reinserted after the fault is re- 
moved with the same effect. It is thus 
shown that the effect of a two-cycle time 
delay in reinserting the capacitors is of 


Switching-time curve for three-phase fault near sending end on one of two 


parallel 300-mile lines, with two intermediate switching stations 


Fault results in the tripping out of the faulted line section. 


Hydroelectric generating station 


carrying full rated load before fault 
A—Fault at sending end—capacitors not short-circuited out for fault or immediately reinserted 
when fault removed 
B—Fault near capacitor—capacitor short-circuited during fault and rein- 


serted two cycles after faulted line section cleared 
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such low magnitude that it could be neg- 
lected for the general study. 


Machine Hunting and 
Abnormal Voltages 


It is well known that hydroelectric 
generators not equipped with amortisseur 
windings connected to long lines experi- 
ence hunting during light-load periods. 
It is also known that series capacitors 
magnify and encourage such hunting. 
A good analysis and bibliography of this 
phenomenon is given in reference 6. In 
this analysis it is shown that machines 
equipped with suitable amortisseur wind- 
ings will not experience hunting when 
transmitting power over lines up to 300 
miles (the extent of the study) in length 
and fully compensated. In view of these 
findings, and since a maximum of 75 per 
cent compensation is useful for stability 
reasons, it is felt that properly designed 
damper winding will prevent this diffi- 
culty. 

Reference 7 of the paper presents an 
analysis of possible abnormal voltages 
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tripping out of the 
faulted line section. 


Hydroelectric generating station carrying full rated load before fault 
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Figure 17. Switching-time curve for three-phase fault near sending 
end on one of two parallel 300-mile lines, with four intermediate 


switching stations 


Fault results in the tripping out of the faulted line section. 


Figure 18. Critical 

switching time as 

affected by tran- 
sient reactance 
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electric generating station carrying full rated load, before fault 


occurring in long lines in general, and in 
lines having series capacitors in particu- 
lar when an unloaded or lightly loaded 
transformer is left connected on the re- 
ceiving end. These overvoltages become 
possibilities when low-side switching is 
used. Since high-side switching is gen- 
erally necessary for stability, this should 
not present a serious problem. Attention 
is directed to this phenomenon so that it 
will receive just consideration in a par- 
ticular instance. 


Illustration of the Use of the 
Curves 


Assume that it is desired: to transmit 
the output of a 250,000-kw hydroelectric 
station a distance of 300 miles, over a two- 
circuit line, into a typical receiving sys- 
tem such as used in this study. 

Consider two possible transmission 
voltages, 230 kv and 287 kv. . The genera- 
tor kilowatts are therefore 


250,000 ‘ 
At 230 ky ——— =4,72 per nit 
(230)? 
250,000 
At 287 kv “(287)2 =3.08 per unit 


To determine the steady-state limit for 
such a system with all lines in, refer to 
Figure 2. Steady-state data given by 
Figures 1 through 8 are on a per circuit 
basis, hence the above per-unit kilowatts 
must be divided by two for the two-cir- 
cuit line under consideration. 

Table II indicates the information of 
interest and the curves on which the 
values are found. 

The fault-clearing times givenin Table II 
are of course for a three-phase fault near 
the sending end of one of the high-voltage 
lines, and are based either on the series 
capacitor remaining in the circuit or on its 
immediate reinsertion after the fault is 
removed. The effect of imecreasing the 
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generator inertia may be determined by 
multiplying these times by V/ per-unit 
generator H/3.0. An estimate of the 
additional clearing time obtainable by 
the use of a lower generator transient 
reactance may be obtained from Figure 
18, taking the At, for a given Ax,’, or 
conversely, finding the Ax,’ required for 
a needed At,. 

It is seen that if four-cycle total clear- 
ing time is used, and the lines are de- 
signed for 230 kv, transient stability may 
be maintained, for example with: 


(a). Two switching stations and 75 per 
cent compensation, and a per-unit generator 
HT of 3.8 rather than 3.0, (or an xg’ of 0.28 
instead of 0.30). 


(b). Three switching stations, 50 per cent 
compensation, per unit H=6.85 (or an xq’ of 
O23z 


(c). Three switching stations, 75 per cent 
compensation. 


If the lines are 287 kv, transient stability 
through a three-phase high-voltage send- 
ing-end fault may be maintained with 


(a). Two switching stations, 25 per cent 
compensation, per unit H=9.1 (or an xq’ of 
0.20). 


(b). Two switching stations and a little 
less than 50:per cent compensation. 


The most economic combination of 
transmission voltage, reactance com- 
pensation, generator inertia, and short- 
circuit ratio may be obtained with cost 
data and an analysis along these lines. 


Interpretation of Data for Genera- 
tors Having Different 
Characteristics 


The generator characteristics used 
were considered representative of the 
average hydroelectric installation. Pro- 
jected systems involving long lines will 
undoubtedly have larger short-circuit 
ratios, lower transient reactances, and 
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PER UNIT APPARATUS 
KVA=C 


015 0.20 0.25 0.30 
GENERATOR Xq IN PER UNIT 


larger inertia constants than the average; 
hence a word on the interpretation of re- 
sults for such cases will be given. 

Consider a 300-mile two-circuit un- 
compensated line with two intermediate 
switching stations, with machine con- 
stants as follows: 


Xa’ H constant 
OLE Bate pecra slcteusts ose ote 9.5—Boulder Dam Units* 
OFSO. soa te eas meee cierto 3 —Used in this study 


These are the constants of the 82,500- 
kw generators at Boulder Dam, and they 
represent a large variation from the aver- 
age taken for this study. 


(a) CORRECTION FOR INERTIA (H) 
CONSTANT 


The critical switching time for a given 
set of system conditions varies as the 
NE and so for an H of 9.3, the critical 
switching time should be increased by 
V/9.3/3 = 1.78. Referring to Figure 15, 
for the case in question, the switching 
times of the curve for zero compensation 
should all be multiplied by 1.78 for a 
given generator rating. 


(b). CORRECTION FOR TRANSIENT 
(xq’) REACTANCE 


From Figure 18 it is seen that 2.5 
cycles is a conservative correction to 
make in the switching time when de- 
creasing xq’ from 0.30 to 0.175. Making 
this correction to a “‘zero compensation” 
curve as located by H constant correction 
in the preceding paragraph, the dotted 
curve in Figure 18 is obtained. This new 
curve shows that the full output of a 2.4 
per-unit rated generator having the new 
characteristics can be carried through a 
three-phase fault at the sending end of a 
300-mile line with a total clearing time 
of four cycles. At 287.5 kv this cor- 
responds to 280,000 kw, essentially agree- 
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E, 


4 6 8 10 
PER UNIT KVA RATING-C 


ing with published calculated perform- 
ance data for the 287.5-kv Boulder Dam-— 
Los Angeles lines.S 


Appendix |. Description of 
System Studied | 


A hydroelectric station, whose per-unit- 
kilovolt-ampere rating, called a factor C 
(see Appendix II), was varied, supplies 
power to an infinite bus through: 

1. A step-up transformer bank of 0.10 per-unit 
reactance. 


2. A transmission circuit of typical 60-cycle con- 
‘stants. 


3. A step-down transformer bank of 0.10 per-unit 
reactance. 


4. A receiving system having a steady-state per- 
‘unit reactance of 0.15 and a transient reactance of 
0.10. 


Constants selected for the generator in per 
unit on its rating were 


" 0.70 
teguty = 0.00 = 
short-circuit ratio 
a =0.30 


This corresponds to a short-circuit ratio of 
1.4, which is representative of the average 
‘machine. The effects of both lower and 
higher short-circuit ratios were investigated. 
A generator power-factor rating of 0.95 was 
mised as a nominal value for this type of ap- 
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plication. A per-unit generator inertia or 
HA constant of 3,0 was used, which is typical 
for a machine of normal short-circuit ratio, 
Since the critical switching times vary di- 
rectly with ./#, the effect of other values 
may be readily evaluated. ‘The line con- 
stants selected as typical and nearly con- 
stant regardless of voltage for high-voltage 
60-cycle lines, were 


r+jx =0.12+ 70.80 ohms per mile 
g+jb =0+ 75.2 X107® mhos per mile 
The relationship between actual ohms and 


per-unit ohms on a given kilovolt-ampere 
base for a particular kilovolt is: 


per-unit ohms = 
actual ohms X kilovolt-ampere base 
(kilovolts)? 1,000 


Hence on the _ kilovolt-ampere base= 
(kilovolts)?, used throughout this study 


actual ohms 


S it h === 
per-unit ohms 1,000 


and therefore the line constants on the base 
selected varied only with line lengths. This 
was another convenience resulting from the 
use of this base. 


Appendix Il. A Note on the 
Factor C 


A generator having a per-unit kilovolt- 
ampere rating of C as used in this study has 
a kilowatt rating of 0.95 C (kilovolts)?, be- 
cause a (0.95 power-factor machine was as- 
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sumed throughout. For an equivalent re- 
actance Xequiy Of 0.50 on the kilovolt-am- 
pere rating of C (kilovolts)? the reactance on 
the (kilovolts)* base is 0.50/C. This fol- 
lows from the relationship that 


Nequiv (on given base) = 


i iven base 
Xequiv (on rating) 5 eae 
rating 
Hence 
j Vv 
Xequiv (kv)? base =xXequiv (on rating) 
C(kv)? 


__ Xequiv (on rating) 


Cc 


The same relation holds for the sending 
end and receiving end transformer and re- 
ceiving system reactances, as indicated on 
the sketch accompanying each figure. 
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A Useful Equivalent Circuit for a 
Five- Winding Transformer 


L. C. AICHER. JR. 


ASSOCIATE AIEE 


Synopsis: It has been indicated that there 
is a growing interest in the possibilities of 
multiwinding transformers with five wind- 
ings. The lack of a suitable equivalent cir- 
cuit for this type of transformer has retarded 
some of these engineering analyses. This 
paper presents a practical equivalent circuit, 
together with a development of the neces- 
sary formulas. Numerous mathematical 
manipulations have been omitted in the 
interest of brevity. Several of these manipu- 
lations are the key to the simplicity of the 
final working formulas. Examples show 
how the various equivalent-circuit parame- 
ters are evaluated. Factors affecting the 
voltage regulation of a five-winding trans- 
former are brought out with the aid of an 
example in which two sources of supply are 
present. An objective of the analysis has 
been to keep the equivalent circuit suitable 
for the calculating board. Several precau- 
tions in this connection are discussed. 


HE demand for electric power in 
[ae quantities and with optimum 
continuity has increased the transmission 
engineers’ interest in interconnected cir- 
cuits and the multicircuit transformers 
associated therewith. Considerable has 
been published on three- and four- 
winding transformers.! This article en- 
larges the field to include a much more 
complicated unit, the five-winding trans- 
former. 

It should be emphasized that multi- 
circuit transformers present many prob- 
lems which cannot be solved by two- 
winding methods. These complications 
relate to leakage-impedance phenomena 
associated with the many fluxes illus- 
trated in Figure 1. Among the more 
important characteristics affected by 
these phenomena are 


(a). Voltage regulation. 
(b). Load division between circuits. 


(c). Parallel operation with other trans- 
formers. 


(d). Efficiency. 


(e). Short-circuit characteristics. 


The interlinkage of the various leakage 
fluxes due to load currents in the different 
circuits affect the various voltages in 
complicated and sometimes unexpected 
ways. It is therefore necessary to have 
a clear conception of the leakage im- 


pedance relationships; otherwise the 


66 TRANSACTIONS 


manipulation of the parameters may 
prove perplexing and unduly complicated. 


Theory 


The general theory of a five-winding 
transformer is no different from that with 
a lesser number of windings. Such a 
transformer consists of five separate 
windings that are mutually coupled by a 
single magnetic core, illustrated best as 
in Figure 1. This transformer can be 
analyzed in the conventional manner 
common to multicircuit transformers of 
a lesser number of windings, wherein the 
basic differential equations of voltage can 
be expressed as follows: 


a=nutlh Goes aay ge se? 
dt dt dt 
Mis cats Ys a 
dt dt 
€2 = Polo + Ly Daye whe Mos ont 
: dt ~ GH dt 
di dis 
Mrs Fr Mos =; 
€3=13l3-+ Ls a a + Mo ore 
dt dt “dt 
ry pe 
dt dt 
€y=Pgla +L a4 My + Mu “+ 
Ms; ae + Mss a 
dt dt 
5=Psts+Ls con Ma a + Miz Be 
dt dt “dt 
ep irens 
dt dt 


where the subscripts refer to the windings 
involved, and 


e=applied voltage 
y = winding resistance 
7= winding current 
L=coefficient of self-inductance 
Af =coefficient of mutual inductance 


Paper 43-2, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE national technical meeting, New York, N. Y.. 
January 25-29, 1943. Manuscript submitted 
April 20, 1942; made available for printing October 
19, 1942. 


L. C. AICHER, JR., is assistant electrical engineer, 


electrical transformer division, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. 


Aicher—A Useful Equivalent Circutt 


A rigorous mathematical treatment 
of the foregoing fundamental equations 
will lead to terms suitable for an equiva- 
lent circuit. 

A true equivalent circuit for a trans- 


‘former is one which cannot be distin- 


guished from the actual transformer by 
any observations that can be made at its 
terminals. It is the terminal character- 
istics of a transformer and not the char- 
acteristics of some particular coil within 
the transformer that are of interest. 

As in most practical transformer equiva- 
lent circuits, magnetizing current has 
been neglected. This results in an equiva- 
lent circuit of sufficient accuracy for 
most all power-circuit problems. The 
circuit contains components which rep- 
resent winding resistance, self-induct- 
ance, and load or mutual impedance. 
Any winding can be used as the supply 
winding; in fact, more than one winding 
may be connected to a source of energy. 


Properties of the Equivalent Circuit 


It is a physical and mathematical 
necessity that a completely equivalent 
network have as many independent 
elements (or degrees of freedom) as the 
original system. The properties of a 
circuit for the problem at hand are: 


1. The circuit must have five points of 
entry corresponding to the five windings of 
the transformer. 


2. The circuit must have ten independent 
elements in order that the ten independent 
measurable impedances of the transformer 
may be simulated. 


3. The circuit should be one that avoids 
excessive calculation. The impedances 
should be simple functions of the measur- 
able transformer impedances obtained in 
commercial transformer production. 


4. The circuit should be free from nega- 
tive-impedance elements. Although this 
characteristic does not void the solution of 
any problem, it does complicate studies on a 
calculating board, as negative resistance 
cannot be easily provided. Moreover, a 
circuit with no negative reactance is de- 
sirable since it may be used on both the 
a-c and d-c calculating boards. 


Upon designating the five windings of 
Figure 2, with the numbers 1, 2, 3, 4, and 
5, the ten independent impedances which 
can be measured at the terminals of the 
transformer are: 


Zy Zi3 Zi Lis 


Z 3 Z04 Z% 
Z35 236 
LZ 


Each of these impedances is measured by 
applying sufficient voltage to one of the 
windings, whose number appears in the 
subscript, to circulate a current in a short 
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Table I. Mesh Currents for Example 2 


Mesh Currents Due to Each Load Current 


Load 

On Te Ty Is Is Tho 

Oo a eee 
Th... 47.49-+ 721.02 16.51—j69.02 © 16.51—j69.02 16.51—j69.02 16.51—j69.02 


Is... 60.20—j131,.90 —119.01+ 7160.45 —60 20+j131.90 —60.20+j j 

4 : ; ‘: 4 J131.90 —60.20+j131.90 
qh. » 217 .30+5148 .90 —202,30—J117 92 —202.30—j117.92 —217.380—j143.90 ~ 217130914390 
Zs... 15.69—j14.91 —2,.52+ 58.38 —2,52+j8.38 —2,52+ 58.38 —15.69+ 714.91 


Total 340.68+j18.11 —807.32—j18.11 —248.51—j46.66 -—263.51—j72.64 — 276 .68—j66.11 
= ah nse aay ea, aa cae ee a Re ee a Aric 


[iss 7 2 rae ra : i (6) PadutZy—Zu—Zr Ge) 
Zackie Beek Oe label ei 
; R=Z 5 +Zys—Zs5 (28) 
Fi 1. Flux link -windi = ——e 
aus uy ai Na a five-winding = Z,5=Z2+25+ 1 1 (7) S=Zu+Z35—Z—Zas (29) 
1G ZitZitZe' ZotLue T=2Zy54+Z-—Z4 (30) 
1 
: 3 eee 8 (8) a 
of Ze’ Zeb ZitZetLus Ly=Ze+Zit+Zat+Zo+Z10 (31) 
!' , 8 6 7 9 10 
f- : The links of the pentagonal mesh are 
foete. (9) evaluated by using the following alge- 
I ne braic relations in the second-degree 
ZstZy LZo+Zit+Zvw equations 12, 13, 16, 17, and 19: 
2 
if 

a — — Z7=aZ 

Figure 2. A simple i a 1 ip) Zs=bZ, 

. five-winding _ trans- Z ZtZitLitLr Zs=cLZes 

= former Z\0=dZ¢ 


These equations can be simplified by 
successive steps and solved simultane- 
ously resulting in the following ten ex- 


Equating various of the resulting ex- 
pressions to the common quantity Ze, 
these coefficients are obtained: 


circuit on the other winding, whose num- 
ber appears in the subscript, its magni- 


_ tude adjusted to the kilovolt-ampere  PFESS1OS: 
base chosen. All other windings remain Z, ids 
open-circuited. ZeZ7= (K —222) = (11) M 
The equivalent circuit used in this SP 
derivation of general formulas is that Ae LZ (12) =o 
shown in Figure 3. Throughout the 2 ea 
derivation of these general formulas, the Z2y=M Zi (13), ae 
loads indicated will not be considered. ae LO 
ivati v—22) 2 (14) a=2 
Derivation of Formulas ZeLio=(N—221) © ig 
20 inclusive are solved 
Quantitative evaluation of the parame- Z.2.=(0—-22 21 (15) Equations 11 to 20 ine es are solve 
ters for the five-winding transformer NS esa for various of the network parameters 
shown in Figure 3 can be obtained from Z resulting in 
t 
these fundamental equalities: ZiZ9=P 9 (16) , N 1 om a 
oi WP pe ae Te 6210 
Dae 
: Z 
Z12=21+Zo+ 1 (1) ZZ0=0 5 (17) ya 
oe g Zay= ~~ (Zak) (33) 
Zs Z1+Z3+ZstZio oe 2 VS 
ZsZ5=(R—2Z,) me (18) 0 1 
‘ Z Fee Fee) (34) 
Z13=2,+Z3+ 1 1 (2) Zz Fah 
= 5 — (19) 
BAZ, Laz Lu Zsh10 Z Table A 
adle 
1 pes =. x = 
eG eae as 1 1 (3) eres E249) 2 120) Wind- Kilovyolt- Reactance 
+ 2 ee ing Ampere Base Per Cent 
Zet+ZitZs Zst+Zi0 in whic 
2 DOO A alae: oe ees 14 
1 Tie Bae h ce a BEE ie ct ees noah We oe a0 
ZZ: t Zor WED hee Oe C6 00D Ca Sohn 12 
is : + : L=Ly+Zu—-Zu-Ly (22) Lto 6 CR ate FOOTY ese crea bene oe a. 
2 tone neerune,. SINOGO at ena Ah cat 5 
Bea ot M=Zyu+Z2—Z1 —Zu (23 So tae eae eee 1 ate atti & 
DEG Disa iclarere rs aratenarey ROO s vote ielaie: «isibiens. x ereieys 
1 : 
Ane ae { le GN Zit Zar Zu amet ne eeu snes 
=) Sree eee. PIES i eae S000 utiet. o sagan ete 6 
Zi," Zot ZetZrtZro O=ZutZu— Zu (25) 4% 


FEBRUARY 1943, VOLUME 62 Aicher—A Useful Equivalent Circutt TRANSACTIONS 67 


Zi= oF (ZsZ9) (35) 
Za=5 — 3 (Z9Z10) (36) 
n= se (S44 )+¥(S+1) S17) 
Lyae La (38) 
ae F Ze (39) 
tam Ze (40) 
Zio= ° Za (41) 
ie VY fey Any ae (31) 


in which the constants are those pre- 
viously defined. 


Comments on Negative Impedance 


No practical use can be made of the 
negative resistances or reactances of 
transformers as negative impedance by 
themselves. These negative impedances 
can be considered as mathematical fic- 
tions. They are virtual values. They 
reproduce faithfully the terminal char- 
acteristics of the transformer, but they 
cannot necessarily be applied to internal 
coils. 

Negative resistance may appear in 
high-efficiency transformers in which the 
stray impedance losses become appreci- 
able when compared with the low ohmic 
copper losses. This condition quite often 
occurs in three-winding transformers 
and is even more apparent in a five- 
winding transformer. 

The total leakage reactance between 
a pair of windings cannot be negative, 
but there is no reason why the mutual 
effect between circuits for load currents 
may not be negative, depending on how 
the leakage field of one interacts with 
that of the other. In the circuits con- 
sidered, the individual leakage imped- 
ances assigned to a circuit constitute 
mutual load impedance for the other 
circuits, and as such may be either posi- 
tive or negative. 

The total copper losses, including 
stray impedance losses, are correctly 
represented by the equivalent circuit, 
whatever the signs of its branches may 
be; but the simple equivalent circuit 
provides no means of distributing the 
losses within the transformer windings. 
Some of these losses are not in the wind- 
ings at all, but in the clamps, core end 
plates, and tank, and therefore the con- 
ductor heating cannot be based on the 
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Figure 3. Five-winding transformer equivalent 
circuit 


losses of the equivalent circuit. However, 
the total impedance losses causing the 
heating of the oil are given by the equiva- 
lent circuit. 


Examples 


The foregoing theory can be applied to 
any five-winding transformer in a manner 
similar to that encountered in any elec- 
trical network. The only requirement 
is that certain data relating the actual 
circuits must be available either from 
measurements or from design calcula- 
tions in order that the equivalent circuit 
may be set up. With the aid of the equa- 
tions developed herein, each unknown can 
be evaluated singly. It is evident that 
all equations, depend upon determining 
the mesh impedances in the order Z¢, Z7, 
Zs, Zo, and Zio: 

The application of these principles to 
two types of problems will be outlined in 
detail. Regardless of the degree of sim- 
plicity or complexity, the same precise 
rules must be followed. The importance 
of observance of the sign, positive or nega- 
tive, accompanying each numerical value 
cannot be emphasized too strongly. 

The first example demonstrates the use 
of this method of solution when only the 
reactance component of impedance is 
important. A second example treats re- 
sistance and reactance with equal im- 
portance, as is common when complex 
quantities represent the impedance units. 
Only a single-phase solution need be made 
for any balanced three-phase bank; how- 
ever, if unlike transformers are involved, a 
solution for each phase must be made. 

Example 1.  Reactance Components 
Only. A five-winding transformer has 
the reactance between windings related to 
the kilovolt-ampere base indicated for 
each as shownin Table A. When all react- 
ances are translated to a common kilovolt- 
ampere base, 20,000 in this case, the re- 
actance values become those indicated in 
Table B. Then 
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K =Z34+Z2—Z13= 16+14—20=10 

L=Z13+Zo4—Z14— Zo3 = 20+ 40 —48— 16 
=-4 

M=Zy4Z5—Z15— Zo =48+44—60 —40 
=-8 


N=Zy+Z5— Z25= 14+60—44=30 


O=Zgs+Zo3— Zo, =32+16—-—40=8 

P=Zy+Z35—Z35 —Zo5 =40 +32 —32 —44 
me nod 

O=Z13+-Zo5—Z12— 235 = 20 +44 — 14-32 
=18 

R=Z4;+Z34— 235 = 24+32 —32 = 24 

S=Zy4+Z35—Z13 —Z45 =48+32 — 20 —24 
=a 

T =Z45+Z15—Z4 = 24+60— 48 =36 


The mesh links are 


Ze MOP z(S41 baler) 


2SP 2 2\P 
(—8) X18 (—4) Qe ) 
= 1 
2X36 X (—4) 2 \3e° +) 
(—8)/ 18 
re eee 
pees 
et lepeae! See 
7=— Le=— X9=4.5 
Valeri ge Mees 
SP 36X(—4 
Z=—— Iyn oo x9 = 9 
OM 18X(—8) 
SP 36 (—4) 
ey Meet eh ie 
OL 18x (—4) 
Ze Pee eee 
10 =F, 6 aay v= 


=Z5+Z7+Z3+Zo+Zio 
=9+45+9+18—81 = —40.5 


and the branches are 


Neel 
Zi Fe =F (Z6Z10) 
oe ees (9X —81)=-—3 
2 (-—40.5) 
Ky ae 
Mi acters (Z5Z7) 
Les 
10 
= (9X4) = 6 
2 (—40.5) 
Oe il y 
Lo (Z7,Zs) 
2 OL 
aoe eee (4.59) 
720 t40 i ae ae 
R 
tens > = (Z3Z9) 
ae : ad 18) =1 
ee — 8) =16 
etre aes 
Ig. SM 
4———= (Z9Z10) 
36 
Se ree (i tsyp-< teh) tll 
2 (—40.5) ‘ ie 


Example 2. Determination of Current 
and Voltage Relations for a Five-Winding 
Transformer Under Load Conditions. A 
single-phase five-winding transformer has 
the characteristics shown in Table C and 
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eo ere 


4 
4 


Reactance 
Per Cent 


impedance data given in Table D. The 
circuit diagram of this transformer is 
shown in Figure 2. 

The following information about this 
transformer installation is required: 


1. The equivalent circuit. 


2. The load on winding 3 and its power 


. factor when power is supplied from a trans- 


mission line to winding 2 


, Maximum capac- 
ity 10,000 kva, and fram a local generat- 
ing station to winding 3. The load is on 


_ windings 1 and 5, and a synchronous con- 
_ denser is on winding 4 for power-factor cor- 
rection. The loads and their power factor 
are shown in Table E. In order to operate 
_ the transmission line connected to winding 


, 


2 at its optimum value, an overload ‘of 
1,500 kva is necessary on winding 4 from 
the synchronous condenser. 

3. The voltage at each transformer 
terminal if it is desirable to maintain rated 
line voltage on winding 3, assuming load 
ratio control equipment is available to dis- 
tribute the loads as given in 2. 


Solution of 1. The equivalent circutt. 
The impedance when referred to a com- 
mon base of kilovolt-amperes of 30,000 is: 


50 X 100 
= [20 }3 =1.5+j60 
. ( 10,000 ‘2 ) a 
Zam (Or 20) =0.5+ 720 
30,000 |” tits 
30x100. a 
Zu=( 7,500 +j10 )4=1.6+/40 
15x 100 \ 
Zis= i115 6 =1.8+ 790 
( 5,000 121?) J 
40100 
Zx3= (10 }3 =1.2+ 730 
* (2 000 *2 )s a) 
100 | 
Zym( PSO pe j5 e280 
20 100 
Zam (A “s ae 15)6= 2.44790 
Table C 
Wind- Kilovolt- Circuit 
ing Amperes Voltage 
bs an aie SOSOOOs Pe vareiereeste eee 230,000 Wye 
Das aerit: Sencha LOO ox cree atic stetats 115,000 Wye 
Sas crea orc 30 OOO eaaipets accrets 22,000 delta 
oes ond RICE HRT UU A Bae 13,800 delta 
Dio kaw eh emteraray ole By OUR Scna8e ae ana 34,500 delta 
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45 X 100 
Zu( ‘+i10)4= 2.4+740 


7,500 
100 


380 ; 
35 = 5,000 +/10 }6 =3.6+ 760 


Z 25100 
4= 5,000. +75 }6 =3.0+)30 


from which 


K=223+Z12—Z3 = (1.2 +30) + (1.5+/60) — 
(0.5-+j20) =2.2-+770 
L=233+Zy—-Zy—Zo3 = (0.54720) + 
(2.8+720) — (1.6+740) — (1.2 +730) 
=0.5—j80 
M=Zu+Z5—Z15— Za = (1.6+740) + 
(2.4 +790) —(1.8-+j90) — (2.8420) 
= —0.6+j20 
N=2Z1+Z15 
(2.4+ 790) =0.9+-j60 
O=Z+Z03—Zo4 = (2.4+740) + (1.2+ 730) — 
(2.8+-j20) =0.8+j50 
P=Zy+Z35—Z34—Zo5 = (2.8+720) + 
(3.6+j60) — (2.44740) — (2.44790) 
=1.6— 750 
Q =Z13+-Z25—Z12—Z35 = (0.54720) -f- 
(2.44790) — (1.5+760) — (3.6+760) 
= —2.2—710 
R=Zy54+Zy— 
(3.6+ 760) =1.8+-710 
S=Z5+Z35—Z13s—Z45= (1.6+-740) + 
(3.6+760) — (0.5-+-720) — (3.0+730) 
=1.7+ 750 
T =Zu5+-Z15—Z14 = (3.0+730) + (1.8+790) — 
(1.64740) =3.2+ 780 


Substituting these values into the equa- 
tions for the mesh impedances, 37 to 41, 
and 31, these result: 

MOL L/Q M/Q 
ee +3(8 1)+4(8 +1) 
_ (0.6420) (—2.2—J10) (0.5 —730) 
iy 2(1.7 +750) (1.6 —j50) 
(0.5—j30) / —2.2—j10 
2 ( 1.7+750 
S062 (22 1) 
2 1.6—7j50 


+1)+ 


< 


=0.697 —j1.19 


VR 1.6 —j50 
Li= ie OOO 9, 1) 
M —0.6+720 


= —1.749+ 72.97 


Rey i (1.6 —j50) (1.7 +750) 
Z3= Z6= ‘ 
QM (—2.2 —7j10)(—0.6-+-720) 
(0.697 —71.19) =11.05 —j12.75 


SP (1.7 +750) (1.6 —j50) 
pe a ae u 


(—2.2—10) (0.5 —730) 
(0.697 —j1.19) = —7.48+78.40 
5: 1.7+750 
Zo== Ze= 
aL ~* -0.5—730 
= —1.06+ 2.04 


=Z,+2Z74+Z5t+Z9+Zi0= (0.697 —71.19) + 
(—1.749+ 72.97) + (11.05 —712.75) + 
(7.48+ 78.40) +(—1.06 + 72.04) 


= 1.46 —j0.53. 


- (0.697 —jl. 19) 
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—Zo5 = (1.5+760) + (1.8+790) — 


Z3; = (3.0+730) + (2.4+740) — 


It follows that the branch impedances 
from equations 32 to 36 inclusive are: 

~ 
ON lc z, (eat) rd 


Ape - es 1.06 -+)2.04) 
(1.46 — 70.53) 


‘ae 2.24770 
AE ee et Ne al 
=> zZ, (ZeZ7) 9 


0.9+j60 
2 


= 0,03 +)28.03 


(0.697 —j1.19) (—1.749+j2.97) 
(1.46 —j0.53) 
=0.61+j31.98 


(Oly i 0.8-+-750 
uae, (272s) -—— 


(—1.749-+j2.97)(11.05—j12.75) 


(1.46 —70.53) 
= 1,28 —j12.45 
tke Pt 1.8++710 
oe Ze a eek a 


(11.05 —j12.75) (—7.48+j8.40) 
(1.46 —j0.53) 
= 27.43 —j117.70 


th 3.2+780 
an5-5 (Z9Z10) = a 
yea vies 1.06 4-72.04) 
(1.46 —70.53) 
= 1.87 +56.65 


Solution of 2. The Power Supplied to 
Winding 3 and Its Power Factor When the 
Fluctuating Load Is Absorbed by the Gen- 
erating Station on Winding 3. In large 
power transformers the effect of losses and 
reactance on input energy and power fac- 
tor as compared with the output and its 


Figure 4. Assumed directions of currents for 
example 2 


power factor is quite small, sufficiently so, 
to justify its omission in the interest of 
simplification. 

The second source of power, that of 


winding 3, is regarded as a negative load. 


Kilovolt-ampere load on winding 1 
= 24,000 (0.8—70.6) =19,200 —j14,400 
Kilovolt-ampere load on winding 2 
= —10,000 (1.0+ 70) = —10,000+70 
Kilovolt-ampere load on winding 4 
=9,000 (0.5+70.866) =4,500+-77,794 
Kilovolt-ampere load on winding 5 
=4,500 (0.9—70.435) =3,950 —71,958 
Kilovolt-amperes supplied by winding 3 
= 17,650 —78,564 
= 19,625 kva at 89.9 per cent power factor 
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Table D 

Wind- Kilovolt- Copper Loss Reactance 

ing Ampere Base Kilowatts Per Cent 
Lit OUDesthorerctee ee LOSOOOK easter. ‘DO Meath 20 
THOUS area 30,000 UE) nb ooues 20 
COMA eyebirs Aces 7,500 SO Gerace. 10 
st Olja iter 5000 Rete 5S Seyrentonitese 15 
2 tOra seientra NO\OOOR nen. 40." Waar 10 
Qtol4 Se Meee W500. = 0 erie DL Oat 5 
QOsOmmac secre HOO MS 6 cad PAWN DG tpod ha 15 
ORtOrd cenit nins 000 cates ABT Gian i 10 
CoML ie Ya 5 Bu Pehe D,000ice ss... CN sematian 10 
A tore BY Os Sean SEN Ay ween 5 


Solution of 3. The Voltage at Each 
Transformer Line Terminal When It Is 
Desired to hold 22,000 Volts Across Wind- 
ing 3 With the Local Generator. _—_ Since all 
values are expressed in terms of per cent 
with the exception of the loads, it is ad- 
vantageous to convert all loads to a per 
cent basis using 30,000 kva as the refer- 
ence. The per cent load on the windings 
is: 

1 j14,400 10 
On winding 1 (19,200 —j ) = 30, 0007 
64—748 =], 


100 
ding 2 (10,000-+70) ——— 
On winding 2 ( +j ) 30, noe 


33.33+j0=Js 


O ding 3 (17,650 —j8,564 
n winding 3 (17,650 —j 64) = ood 


58.81 —j28.55 =I, 


100 
O ding 4 (4,500+77,794) ——— = 
n winding 4 ( +] ) 30,000 


15.00+725.98 =I, 


1 
O ding 5 (3,950 —71,958 
n winding 5 (3,950 —7 ) = 30, 000 ~ 


13.17 —76.53 =[s 


The division of load by the various 
mesh circuits is arrived at by solving for 
the currents that exist, taking each load 
singly. After all loads are properly pro- 
portioned according to the rules of parallel 
circuits, the resultant current in each mesh 
link is found by a simultaneous super- 
position. Winding 2 is used as the source 
in all load-division computations. The 
direction of currents has been assumed as 
in Figure 4 in which the current in link 7 
due to load on winding 1 is: 


I,=I,=1 ee 
EE eat Beer ass oats 


t 


EE (48) = 16.51 —j69,02 
Mic Un, waa 
Also 

I¢=I,—I;= (64 —748) — (16.51 —j69.02) 


=47.49-+ 721.02 


70 TRANSACTIONS 


Table E 


—= 


Wind- Kilovolt- 
ing Amperes Per Cent 
L Sree eRe aed D4 OOO A we receiee stent 80 lagging 
AUN niostei snetelelelscotste CO MOLOOES alawneenoro choc 50 leading 
Geis ele emer in ets 4 5OO ce eiicse, Shane ued 90 lagging 


Current in link 6 due to load on winding 3 
is: 
p= —Iho= —hb=—-l= 
Zy = 1.749-+j2.97 
Zi OMe VAC HI0.58 
(—58.81-+728.55) =60.20 —7131.90 
Also . 
Ty = —I3+J]s = (—58.81+ 728.55) + 
(—60.20+ 7131.90) = —119.01+ 7160.45 


Current in link 6 due to load on winding 
4 is: 
Zi+Zs 
t 
_ (=1.749 +-j2.97) + (11.05 —j12.75) ° 
1.46 —j0.53 . 
(15.0+725.98) =217.30+)143.90 


Ig= —ITho=—Iy= Is 


Also 


I, =I =1,—Ie = (15.0+-725.98) — (217.80+ 


143.90) = —202.30 —7117.92 


Current in link 7 due to load on winding 
5 is: 
Zot+Zi0 


I,=I,=I9 =——_ 1 
palig=!® Z, 5 


_ (0.697 ~j1.19)-+ (—1.06+32.04) 
1.46 —j0.53 
(13.17 —j6.53) = —2.52+8.38 


Also 


Ie= —lho=1;—I7= (13.17 —76.53) — 


(—2.52+78.38) = 15.69 —714.91 


The superposition of all currents is most 
conveniently handled in a table similar 
to Table I. 

The per cent voltage at the terminals 
of any winding is determined by sub- 
tracting the per cent voltage drop through 
the circuit from the 100 per cent value 
assigned to the winding used as a refer- 
ence. 

The per cent voltage drop in the 
branches and links of the mesh is: 


: 1 
LZ, = (64 —j48) (0.03 +)28.03) —— 
= 13.47+717.93 
T,Z2 = (33.33-+j0) (0.61 + 31.98) m7 
=0.20+710.66 
T,Z1= (58.81 —j28.55) (1.28—j12.45) —- 


00 
=2.80—j7.69 
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LZs= (15.0+725.98) (27.43 —f117. 0) 


=34.71—j10.52 


IZ = (13.17 —J6.58) (1.87 + 756.65) 75 


=3.95+ 77.34 


’ 


IsZ¢= (840.68+718.11) (0.697 —J1. 19) 


= 2.59 —]3.93 


1 
1,Z,=(—307.32 —718.11) (—1.749 492.97) 55 
=6.91 —78.81 


IpZg=(—248.51 —746.66) (11.05—j12. 78) 
= —33.42+)26.54 


IZ, = (—263.51 —j72.64)(—7.48+8. 40) 
= 25.81 —j16.70 


TyoZ10= (—276.68 —766.11)(—1.06+72. 04) 


=4.28—j4.94 


The voltage on the generator bus is held 
at 22,000 volts, which is our 100 per cent 
base and the point from which all volt- 
ages are calculated. 


Per cent Vi; =100— (13Z3—17Z74+-IeZo+hZ1) 
= 100— [(—2.80 —j7.69) — 
(5 91 —78.81) + (2.59 —73.93) + 
(13.47 + 717.93) ] =92.65 —j15.03 


and V,=230,000°V/ 92.65?+ 15.03? 
=216,000 volts 


Per cent V2=100— (1323; —I,Z7—InZ2) 
* =100— [(—2.80—j7.69) — (5.91 —j8.81) — 
(0.20+ 710.66) ] =108.51 —79.54 


and V)=115,000 ~/ 108.51?-+-9.54? 
= 125,400 volts 


Per cent Vs=100— (13Z3+1sZg+1sZ) 
=100— [(—2.80—77.69) + (—33.42+ 
j26.54) + (84.71 —710.52) ] = 101.52 —78.33 


and V;=13,800°V 101.52?+8.33? 
= 14,070 volts 


Per cent V; =100—- (IsZ3t+IsZgt+IsZo+ IsZs) 
= 100— [(—2.80—77.69) + (—33.42 
+ 726.54) + (25.81 —716.70) + (3.95+ 
j7.34)]=109.47 —79.49 


and V;=34,500V/ 109.47?-+9.49? 
‘Saran volts 
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| pa design of efficient conductor sys- 
tems for large alternating currents 

has always been a problem, and the prob- 
lem is especially difficult with large low- 
voltage polyphase currents, such as are 
found in feeder distribution systems for 
industrial plants. Special conductor 
shapes and arrangements have been pro- 
posed in the past and have proved satis- 
factory for some applications, but all 

_ have had their limitations. A new method 
of arranging bus bars, named paired 
phasing, has now been developed and 
has been found to be superior to conven- 
tional arrangements for transmitting 
polyphase currents in the range of 1,000 
amperes and above, at 600 volts and less. 

The paired-phase arrangement is de- 
scribed in this paper in terms of enclosed 
bus-bar systems, as most of the experi- 
ence in the use of the arrangement has 
been in that connection, but emphasis 
has been placed on the general character- 
istics of the arrangement rather than.on 
this specific application. Therefore, the 
comparisons with conventional arrange- 
ments, the basic electrical and mathema- 
tical theory, and the construction and 
performance data will readily suggest the 
adaptability of paired phasing to other 
applications where efficient utilization of 
conductor materials and convenient struc- 
ture are desired. 

Only the three-phase version of the 
paired-phase arrangement is considered 
in this paper. It is shown in cross section 
in Figure 1. There are six conductors 
arranged in three separate and distinct 
pairs. The pairs are a-b, b-c, and c-a; 
that is, the two conductors in each close- 
spaced pair are connected to different 
phases. Each of the three phase currents 
is thus carried by two conductors in par- 
allel. Wide flat bars placed face to face 
proved to have the most satisfactory 
conductor shape. 


Summary 


With the paired-phase arrangement, 
many of the difficulties associated with 
the transmission of large alternating cur- 
rents are minimized. Nonuniform cur- 
rent density, including “skin effect’ and 
‘proximity effect,” is greatly reduced. 
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Paired-Phase Bus Bars for Large 
Polyphase Currents 


ROBERT L. FRANK 


ASSOCIATE AIEE 


This results in low a-c energy losses which 
combines with effective heat dissipation 
to produce low and uniform temperature 
rise. Both resistance and reactance volt- 
age drops are very small, and voltage 
drop is almost perfectly balanced. Fur- 
thermore, the dimensions that produce 
all these desirable electrical and thermal 
characteristics lend themselves to con- 
venient structural designs wherein the 
problems of joining adjacent bus-bar 
lengths, making tap-offs, support against 
mechanical and short-circuit forces, and 
insulation are greatly simplified. 


There are several specific features 
which particularly adapt the paired- 
phase arrangement to prefabricated en- 
closed bus-bar systems. Enclosure, of 
course, impedes heat dissipation, but 
the low heat generation minimizes this 
effect. Metallic or magnetic enclosures 
cause no additional losses and no increase 
in reactance. Structural designs are pos- 
sible which facilitate erection in the field 
and the adaptation of standardized con- 
structions to special installation condi- 
tions. 

The paired-phase arrangement has 
several unique properties that distin- 
guish it from previously known ar- 
rangements. Its low voltage drop and 
low losses depend largely upon close in- 
trapair spacing, dimension s in Figure 1. 
The interpair spacing d, or different rela- 
tive pair locations, as illustrated by the 
three variations of Figure 1, have no ap- 
preciable effect upon voltage drop and, 
therefore, may be varied to obtain low 
temperature rise and convenient struc- 
ture. The balanced voltage drop of the 
paired-phase arrangement does not de- 
pend upon geometrical symmetry. 

A peculiar inherent characteristic of 
the arrangement is that the currents in 
each close-spaced pair of bars are nearly 
equal and opposite, or somewhat similar 
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to the currents in a single-phase trans- 
mission system, and this current division 
appears to be responsible for paired- 
phase performance. This single-phase 
approach also forms the basis of a simple 
method for calculating paired-phase per- 
formance, 


Paired-Phase and Conventional 
Arrangements Tested 


The best way to appraise the perform- 
ance of the paired-phase arrangements is 
by comparison with commonly used con- 
ventional arrangements, shown in Figure 
2. In contrast to the paired-phase ar- 
rangement, the laminated arrangement 
has closely spaced bars connected to the 
same phase, while the interlaced arrange- 
ment has the bars evenly spaced and not 
grouped into distinct pairs. 

A large amount of information has 
been published concerning open lami- 
nated bus bars where phases are well sepa- 
rated and no enclosures are present.!? 
Most of this information is completely 
inapplicable to conventional enclosed 
bus-bar assemblies, because additional 
proximity-effect losses caused by inter- 
phase spacings of two or three inches, 
induced losses in metallic enclosures, and 
greatly restricted heat dissipation make 
performance much worse than com- 
monly supposed. Some temperature- 
rise data for small-size enclosed bus bars 
and some reactance and resistance data 
for large-size bus bars in aluminum en- 
closures are available,’ but to fully com- 
pare and contrast the performance of the 
paired-phase arrangement new data will 
be presented upon all of the arrangements 
shown in Figures 1 and 2. 

Designs having two one-fourth- by 
four-inch round-edge copper bars per 
phase have been selected for presenta- 
tion; this size represents medium rather 
than large current-carrying capacity 
and emphasizes the need for careful con- 
ductor design even in this size. The basic 
paired-phase theory applies equally well 
to all conductor sizes commonly used. In 
general, the relative performance of 
larger sizes of laminated bus bars is much 
poorer, while the relative performance of 
larger sizes of paired-phase and inter- 
laced arrangements is roughly the same. 

In order to simplify comparisons, a 
rectangular 14-gauge steel housing with 
a cross-section perimeter of 53 inches 
was used in all tests; the relative breadth 
and width were varied slightly to accom- 
modate the various arrangements. A 
housing of this size represents standard 
practice for the wider-spaced arrange- 
ments, but is larger than would ordinarily 
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pag ee Casa 

Figure 1. Three variations of the paired-phase 
bus-bar arrangement 


C27277772772 
CZZ777Z777Z4 


s=intrapair spacing 
d=interpair spacing 
w= width 


be used with the very compact arrange- 
ments having a small over-all width, w. 
Performance of commercial compact ar- 
rangements with a smaller housing would, 
therefore, usually be slightly inferior to 
that indicated. 

The dimension s was kept constant at 
five-eighths inch during most paired-phase 
and laminated tests. Comparison of 
laminated performance with s equal one- 
half inch, the more conventional dimen- 
sion, indicated a difference of small mag- 
nitude. An intrapair spacing of five- 
eighths inch represents a more than ade- 
quate spacing for practical paired-phase 
arrangements. The effect of variation of 
this dimension will, however, be discussed 
as the test results are analyzed. 

All tests were made upon a 40-foot 
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Figure 2. Conventional bus-bar arrangements 


run, comprising four ten-foot sections, in 
order to minimize end effects. In each 
case, all bus bars were connected to- 
gether at one end and low-voltage bal- 
anced three-phase 60-cycle current fed 
in the other end. Voltage measurements 
were made line to line at the feed-in end 
of the run to eliminate induced voltages 
in the potential leads. Power was meas- 
ured by a special low-voltage wattmeter. 

The point-to-point variation in current 
density in each bus bar was studied by 
insulated exploring wires cemented to the 
surfaces of the bars in the manner em- 
ployed by a number of experimenters.*~® 
The exploring wire measurements also 
provided a means of analyzing the loca- 
tion of energy losses in greater detail 
than is possible with a wattmeter, which 
is suitable only for over-all averages. 
Each bar was equipped with 16 number 
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28 wires, eight feet long, spaced at one- 
half inch intervals around the bar perime- 
ter. The voltage induced in each 
wire, which is a measure of the current 
density adjacent to the wire, was meas- 
ured by a rectangular co-ordinate a-c 
potentiometer. The total current in 
each bar was also measured with a mag- 
netic potentiometer or Rogowski coil.’ 

Temperatures were measured by ther- 
mocouples. In all tests both the bus bars 
and housing were painted with a non- 
metallic paint to assure maximum and 
consistent heat radiation. All tempera- 
ture rises given would be approximately 
25 to 35 per cent higher if the bus bars 
were not painted and 50 to 70 per cent 
higher if neither housing nor bus bars 
were painted. 

A portion of the research laboratory 
with a typical test setup is shown in Fig- 
ure 3. One housing section has been re- 
moved so that the interior construction 
may be seen. 


Voltage Drop, Temperature Rise, 
and Energy Losses 


Relative voltage drops and tempera- 
ture rises are given in Figure 4. Since the 
voltage drop is unbalanced to some ex- 
tent in all arrangements, both the maxi- 
mum line-to-line impedance drop and the 
minimum line-to-line impedance drop are 
plotted, with the area between shaded, 
so that the relative amount of unbalance 
These values are plotted 
against the over-all width of the bus-bar 
assembly, w, for all of the vertical-bar 


may be seen. 


Fisher, Frank—Paired-Phase Bus Bars 


Figure 3. Typical test setup 


arrangements, but it is not intended that 
comparisons be made only for equal over- 
all widths. This dimension has no direct 
significance for the paired-phase type-3 
arrangement, but impedance drops and 
temperature rise for this arrangement are 
plotted to the same scales so that ap- 
praisals may be made. For all arrange- 
ments the maximum temperature rise 
decreases for increased spacings. In the 
case of the laminated and interlaced ar- 
rangements, increased spacing causes 
both increased voltage drop and in- 
creased voltage-drop unbalance; in the 
paired-phase arrangements increased in- 
terpair spacing causes substantially no 
change in voltage drop but provides better 
voltage-drop balance. 

Impedance drops are separated into 
average reactance and resistance com- 
ponents in Figures 5 and 6, respectively. 
The reactance curves in particular show 
the independence of paired-phase charac- 
teristics upon relative pair position. The 
resistance curves show that both the 
paired-phase and interlaced arrangements 
have low average a-c resistance. This 
factor will be considered in more detail 
later in connection with an analysis of 
energy losses. The effect of intrapair 
spacing upon paired-phase reactance may 
be seen in Figure 7, This curve is actually 
for the type-3 arrangement but applies ap- 
proximately to any practical paired- 
phase arrangement where interpair dis- 
tance is great relative to intrapair dis- 
tance. It shows that lower reactance if 
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Temperature rises are in per cent of that of the 
best arrangements. Paired-phase and lami- 
nated, s=5/, inch. Type 3 paired-phase, 
d=6 inches. Bar size '/; by 4 inches 


desired may be achieved by closer intra- 
pair spacing. 

Since the paired-phase arrangements 
with larger interpair spacings (type-1 or 2 
arrangement with an over-all width of 
about six inches or more, or a type-3 ar- 
rangement) have superior characteristics 
from all considerations, there appears to 
be no practical reason other than space 
limitations for using smaller interpair 
spacings. Measurements made with 
these smaller spacings have been in- 
cluded, however, because of theoretical 
interest. 

The inferior performance of the lami- 
nated arrangement needs no further com- 
ment, except that one may point out that 
there may be special instances, such as 
short connection straps where its use in 
preference to a more efficient arrangement 
may be justified by structural limitations. 

In comparing the paired-phase and the 
interlaced arrangements, the practica- 
bility of obtaining various bus-bar spac- 
ings must be considered. Very close 
intrapair spacing is practical with paired- 
phasing, because bars may be offset into 
the vacant area surrounding each pair of 
bars at points where connections between 
adjacent bus-bar lengths or tap-off con- 
nections are to be made. Thus a clear 
space of one-fourth or three-eighths inch 
between paired-phase bars means a full 
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Figure 5. Effect of arrangement and spacing 
upon line-to-line reactance voltage drop 


spacing of that amount throughout the 
entire bus-bar run. The vacant area 
surrounding each pair also simplifies the 
problem of support and insulation. In 
the interlaced arrangement, because joint 
and tap-off connections must be made in 
the confined space between adjacent 
bars, clearances are necessarily decreased 
at these points, and insulation and in- 
stallation problems are complicated. In 
interlaced arrangements a compromise 
must be made therefore between electrical 
properties, temperature rise, and struc- 
tural complications; that compromise is 
not necessary with paired-phasing. These 
facts must be kept in mind when consider- 
ing the data presented in this paper. For 
instance, an interlaced bus-bar system 
with an over-all width, w, of ten inches 
would have 13/, inches between adjacent 
bars whereas a type-1 or type-2 paired- 
phase system of the same over-all width 
would have approximately 3°/, inches be- 
tween pairs or a type-3 arrangement 
could be used without changing the 
electrical characteristics. 

The relative current density for typical 
bus-bar arrangements is shown in Figure 8 
in which the quantity plotted is the square 
of the magnitude of the current density. 
The measurements from the two faces of 
each bar have been averaged. This 
method of plotting gives an indication of 
relative energy losses, which are propor- 
tional to the areas under the curves. The 
more uniform current distribution within 
each bar and between bars of the paired- 
phase arrangements is evident. The 
small interpair effect is indicated by the 
slight difference in distribution between 
the two types of paired-phase arrange- 
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Figure 7. Effect of intrapair spacing, s, upon 
line-to-line reactance voltage drop of type-3 
paired-phase arrangement 


ments. The nonuniform current distri- 
bution in both the laminated and the 
interlaced arrangements is caused by the 
greater reactance of the outside bars in 
these arrangements. 

The analysis of energy losses in Figure 
9 clarifies the performance of the paired- 
phase arrangement. The most impor- 
tant energy loss is the loss in that indi- 
vidual bar having the greatest energy 
loss, as this will determine the maximum 
“hot-spot”’ temperature rise, and in this 
respect paired phasing excels. Slightly 
lower average losses may be secured by 
using smaller interpair spacings, ap- 
proaching the interlaced arrangement, 
but the greater resuiting unbalance makes 
the individual bar losses higher rather 
than lower. Paired-phase housing losses, 


- as shown in the lower portion of Figure 9, 


are negligible, and relative pair position 
has no influence upon these losses. Lami- 
nated-arrangement housing losses in- 
crease with wide spacing to such an ex- 
tent that the average total loss increases 
even though individual bar loss decreases 
because of lessened proximity effect. 


Equal and Opposite Currents Explain 
Paired-Phase Performance 


Paired-phase performance may be un- 
derstood by examining the distribution of 
current within the bus bars and the con- 
sequent magnetic-field effects in more de- 
tail. The magnitude and phase angle of 
the current density are shown in Figure 
10, while the net currents in individual 
bars are shown in Figure 11. Only one 
paired-phase arrangement is shown, but 
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the current distribution is similar in all 
paired-phase arrangements. There is a 
marked contrast in this respect between 
paired-phase and conventional arrange- 
ments. It is notable that the phase 
angle of the current density in the paired- 


phase arrangements is more uniform — 


within each bar, and the net bar currents 
are more symmetrically disposed than 
in the other types of conductor ar- 
rangements. 

The essence of paired-phase perform- 
ance is that the currents in each close- 
spaced pair of bars are essentially equal 
and opposite. That is, each of the three 
phase currents (a, b, and c) divides into 
two component bar currents (a’ and a”, 
b’ and 6”, c’ and c”) which are nearly 
equal in magnitude and which differ in 
phase angle by nearly 60 degrees, so that 
the currents in each close-spaced pair of 
bars (such as a’ and b”, or b’ and c”, or c’ 
and a") differ in phase angle by nearly 180 
degrees. The currents in each close- 
spaced pair are thus essentially similar to 
the currents in an isolated single-phase 
transmission system, even though each 
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conductor of the pair is connected in 
parallel with another conductor in a dif- 
ferent pair. This similarity suggests that 
the paired-phase arrangement may be 
analyzed by considering each close- 
spaced pair as a single-phase circuit. 

The single-phase transmission system 
of two wide flat bars closely spaced face to 
face carrying equal and opposite currents 
has been analyzed both experimentally 
and mathematically.—!2 It has been 
shown to be a very efficient conductor 
arrangement. The current density is 
very uniform, and consequently the a-c 
resistance is low. For instance, an iso- 
lated one-fourth- by four-inch copper 
bar will have an a-c to d-c resistance 
ratio of approximately 1.16, but the re- 
sistance of a bar of the same size with a 
similar return conductor five-eighths-inch 
away, center to center, is less than 1.02. 
The reactance of such a close-spaced 
pair is also very small. This means not 
only low-reactance voltage drop but 
small external magnetic field. In other 
words, the magnetic fields of the two 
equal and opposite currents cancel or 
neutralize each other. This explains the 
small interpair proximity effect and the 
negligible effect of magnetic or metallic 
surroundings upon either reactance or 
energy losses in the paired-phase ar- 
rangement. 

The single-phase pair of closely spaced 
flat bars has many advantages over other 
low-loss single-phase arrangements such 
as concentric tubes. These advantages 
include the full exposure of both bars for 
heat dissipation, joining, support, insula- 
tion, and tap-offs. This single-phase ar- 
rangement has not been used generally 
in the past, but the recent advent of suit- 
able commercial designs has led to the 
adoption of this arrangement for the 
service of large single-phase loads, with 
very satisfactory results.1%!4 


It is certainly unexpected and seems 
almost paradoxical that a most efficient 
method of transmitting large low-voltage 
polyphase currents should be one wherein 
the power is, in effect, transmitted single 
phase; but a comparison of paired phas- 
ing with conventional methods, consider- 
ing all electrical, thermal, and structural 
factors, indicates that this is indeed true. 


The beneficial results of the approxi- 
mately equal and opposite currents in 
each close-spaced pair are further em- 
phasized by the consideration of a con- 
dition where such a current division does 
not exist. The average ratio of a-c to 
d-c loss of the three-phase paired-phase 
arrangements (with larger interpair spac- 
ings) approximates 1.30 (see Figure 9), 
even though the current density within 
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Figure 9. Analysis of energy losses 


Loss in individual bar measured by exploring 
wires. Average total loss measured by watt- 
meter. Housing loss is difference between 
average total loss and average bar loss meas- 
ured by exploring wires (not shown) 


each bar is very uniform, because each 
bar carries nearly 1/,3 rather than one 
half of the phase current. Losses are 
proportional to the square of the current: 
(1/ V¥3)?/@/s)?=1.83. Conventional 
theory would suggest, therefore, that 
better performance would be obtained if 
the current in each bar could be made 
one half of the phase current, or, in other 
words, if the phase angle between the two 
currents in each close-spaced pair could 
be made 120 degrees instead of nearly 180 
degrees, and the phase angle between the 
two currents of each phase, zero degrees 
instead of nearly 60 degrees. Such a con- 
dition may be produced by making a 
transposition at the mid-point of a bus- 
bar run, as shown in Figure 12, wherein 
each bar is paired with a different phase 
in each half of the run; for example, the 
a’ bar is paired with a b-phase bar (b”) 
in the first half of the run and with a c- 
phase bar (c”) in the second half. The 
resultant performance is not, however, 
as might be expected: 


Temperature rise: ....... increased 31 per cent 
Voltageidropleen. sae badly unbalanced and in- 
creased 217 per cent 
Average energy loss...... increased 54 per cent 
Housing energy loss...... becomes appreciable 


In short, such a condition is undesir- 
able, and all the desirable properties of 
the paired-phase arrangement are lost. 
This can be explained by the fact that’ 
there are no longer equal and opposite 
currents to cause a cancellation of mag- 
netic effects in each close-spaced pair, and 
consequently interpair influence become 
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appreciable. This large interpair proxim- 
ity effect is shown by the distorted cur- 
tent-density measurements in Figure 13. 
Varying the phase angle between the 
currents in an isolated pair of nonenclosed 
bars further corroborates the effect of 
transposition. Test results shown in 
Figure 14 indicate that even under this 
implified condition losses are least when 
the currents differ in phase angle by 180 
degrees. Losses when the currents dif- 
fer in phase angle by 120 degrees (which 
represents the condition with transposi- 
tion) are intermediate between the 
paired-phase condition and the zero-de- 
gree phase-angle condition, corresponding 
_ to the laminated arrangement. 


Calculation of Paired-Phase 
Bus Bars 


The electrical characteristics of the 

_ paired-phase arrangement, including volt- 
age drop and current distribution, are 
readily figured by electrical theory. A 
mathematical analysis of a simplified 
paired-phase arrangement is given in the 
appendix. These calculations indicate 
that the division of current between con- 
ductors in the paired-phase arrangement 
is not dependent upon any particular 
conductor shape but largely upon the 
grouping of the phases into pairs. Of 
course the conductor shape influences the 
distribution of current within each con- 
ductor. The mathematical analysis con- 
firms experimental results in determining 
that the currents in each close-spaced 
pair become more nearly similar to 
single-phase as the interpair distance is 
increased and in fact approach the single- 
phase condition as a limit as the distance 
becomes infinite. This suggests and tests 
confirm that entirely satisfactory paired- 
phase performance may be secured when 
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a steel housing completely surrounds 
each pair of bars. 

The usual method of voltage-drop cal- 
culation based upon the assumption of 
equal and inphase currents in all bars 
connected to each phase will not give 
correct results when applied to paired- 
phase arrangements. Voltage drop can 
be calculated accurately, however, by 
application of formula 12 or 15 in the 
appendix. It has been found that for 
practical dimensions and purposes volt- 
age-drop characteristics may be figured 
on the assumption of exactly equal and 
opposite currents in each pair of bars. 
Both the equivalent single-phase method 
of formula 15 and the more exact formula 
12 give the correct resistance as well as 
reactance components of voltage drop. 
Sample calculations are given in the ap- 
pendix. 

Temperature-rise performance is not 
so readily calculated. Although the cur- 
rent and, hence, losses in each bar can 
be determined within a few per cent, heat 
transfer is so complicated by insulation, 
by proximity of other conductors, and by 
the enclosure, that tests using three- 
phase current are necessary for accurate 
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' B. Arrangement in other half of bus-bar run. 


information. 
of course make possible the prediction of 
change in performance produced by 
minor variation in design. 


Sufficient empirical data 


Commercial Design of 
Paired-Phase Bus Bars 


One practical commercial design em- 
bodying the paired-phase principle is 
shown in Figure 15. The flatwise ar- 
rangement was chosen because of the ad- 
vantageous structural features, among 
which is the simple overlapping type of 
joining bus bars, insulation, and housing. 
This arrangement provides complete 
access to all bus-bar surfaces for cleaning 
and inspection before joining and com- 
plete accessibility of all bolts for main- 
tenance By mounting the bus bars 
upon flat compression-type porcelain 
insulators, which in turn are supported 
on the housing, maximum mechanical 
and short-circuit strength are obtained. 
Also the dielectric strength between 
closely adjacent bus bars is readily im- 
proved by the use of a single flat sheet of 
insulation to supplement the one-fourth- 
inch minimum air space. 

Tests indicate that this insulation 
sheet increases the temperature rise by 
less than two per cent. Other measure- 


Transposition to change current division 


A. Arrangement in one half of bus-bar run 


Each bar in 


A and B insulated except at beginning and end of run, 
where two bars of each phase are connected together 


C. Resulting current division (compare with Figure 11A) 


c . 
\ c Figure 13. 
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Figure 14. Effect of varying phase angle of 
currents in an isolated pair of bars 


“Lo-X”" bus duct utilizing paired- 
phase principle 


Figure 15. 
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Figure 16. Line-to-line voltage drop of com- 
mercial paired-phase bus duct 


Unbalance of voltage drop is less than width 

of curves. Resistance taken at copper tem- 

perature of 75 degrees centigrade s=1/s inch, 
d=bar width plus 2 inches 


ments indicate that with all sizes of bus 
bars, the hot-spot temperature rise when 
the entire assembly is mounted edgewise 
is the same as when it is mounted flat- 
wise; therefore, space limitations will 
determine the best position for any par- 
ticular application. The shallow flat 
shape of the housing proves convenient 
in installation where close clearances are 
encountered. 

Basic paired-phase principles as just 
outlined have been utilized in the de- 
sign of numerous special fittings, such as 
elbows and tees, transformer taps, load 
tap-offs, and switchboard connections. 
Experience has shown that careful at- 
tention must be paid to these details if 
satisfactory over-all performance is to 
be obtained. 

The temperature-rise and _ voltage- 
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Figure 17. Temperature rise of commercial 
paired-phase enclosed bus duct indoors in 
still air 
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drop characteristics of a complete line 
of enclosed bus-bar system utilizing the 
paired-phase principle are given in Fig- 
ures 16 and 17. Values are all based on 
actual tests of complete assemblies, in- 
cluding insulation and housing. These 
curves indicate the excellent performance 
that can be obtained with the paired- 
phase arrangement. 


Appendix. Mathematical Analy- 

sis of Current-Distribution and 

Voltage Drop in Paired-Phase 
Bus Bars 


Consider Figure 18. The conductors are 
of arbitrary shape. The current density is 
assumed uniform over the cross section of 
each conductor. The length of the circuit is 
assumed to be large compared to the dis- 
tances between conductors. The interpair 
distance is assumed to be large compared 
to the intrapair distance, so that as an ap- 
proximation all distances between conduc- 
tors not in the same pair may be taken equal. 
The following symbols will be used: 


Dqa=geometric mean distance between any 
two conductors not in the same pair, 
centimeters 

D,=geometric mean distance between any 
two conductors in the same pair, centi- 
meters 

D,= geometric mean radius of any conduc- 
tor, centimeters 

r=d-c resistance of any conductor, ohms 
per centimeter 
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Figure 18. Simpli- ai 

fied paired-phase ar- 

rangement with geo- 
metrical symmetry 


E=voltage drop, volts per centimeter, 
line-to-neutral. (Note that voltage 
drops in body of this paper are all line 
to line) 

/=current 


a’, b’, c’, a”, b”, c” subseripts refer to cone 
ductor quantities. a, b, c subscripts refer 
to phase quantities. 


w=2n times frequency in cycles per second 
All logarithms are to base €. 

Since 

Ty lg! Fly hy ioe 8 (1) 


the voltage drop in phase a may be written: 
(see reference 19, page 39, equation 55) 


EB,’ =Eq=lq/t+2X10-Yw[T,' log (1/D;) + 
Ty" log '(1/Ds) +a" +15" A Fi 

log (1/Da)] (2) 

i — i ay te aco OR: (D>) =P 
hs log (1/D,)+(Uq' +Ip’ +15" +I”) ¥ 

log (1/Da)] (3) 


From symmetry 


Ey=(—'/2-jv/3/2)Eq (4) 
E,=(—'tjv/3/2)Eq | (5) 
Ty! =(—!/2—jvV/3/2)Iq" (6) 
Ie! =(—Vetjv3/2)Iq" (7) 
Ip" =(—"/2—jv/3/2)1q" (8) 
I,” =(—"Yatjv3/2)Iq" (9) 
The solution of the above equations gives 


10~%w log (Dqg/Ds) 
r+107 Ywlog (Dg?/D,?Ds) 


le (10) 


10%» log (Dg/Dy) 
r+10-%jw log (Dg?/D,2D,) | * 


(11) 


r mor ak DD; 
Halla=5+10 “fi log D2 + 


= D 
(va toe F8)( 2 x 
10-% log (Da/Ds) )| 


r+10~® ju log (Dg3/D;2D,) 


ohms per centimeter 


(12) 


An interesting result is obtained by allowing 
D,q to become indefinitely large: 


Limpg— olq’ =(1/+/3)(e°)I, 
Limp i> olg” = (1/+/3)(e-#*°) 7, 


(13) 
(14) 
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for the oth 
equal and opposite or single-phase current 
in each close-spaced pair of bars. The term 
[r+2X10-%w log (D;/D,)] in equation 15 
is the impedance of one bar of a close-spaced- 
pair when carrying single-phase current. 

: Numerical substitution of practical values 
in equations 10, 11, and 12 shows that large 
iations in Dg have little effect upon res 
I,", and E,/Ig. Therefore, it seems reason- 
able that these equations may be used even 


when geometrical symmetry, as assumed in 
deriving these equations, does not exist, 


Numerical Example 


Consider a type-3 paired-phase arrange- 
ment: 


Bar size '/, by 4 inches 

r=9.90X10-& ohms per foot =324X107% 
ohms per centimeter 
=6/, inch 


d=6 inches 
From the formula and curves of reference 
iW 


D, =0.2235 (4+0.25) =0.950 inch = 2.41 cen- 
timeters 
D,=1.372 inches =3.49 centimeters 


GMD of two bars in adjacent pairs (6 inches 
center to center) =5.75 inches 

GMD of two bars in outside pairs (12 inches 
center to center) =11.88 inches 


No readily usable values for GMD of the 
diagonally located bars are available: 

_ therefore, consider diagonal G.WDs the same 

as above. As a working approximation the 
average may be taken as 


| Da=V(6.75)8(11.88)*= 7.33 inches 
= 18.62 centimeters 
From equation 10 
I’ =0.525e*"" I, 
From equation 11 
Iq” =0.591e-7*-°7, 
From equation 12 


Eq/Iq=(6.17+j5.71)10~® ohms per foot 
(line to neutral) 
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From equation 15 


Eq/Tq= (6.58 +j5.65) 10-8 ohms per foot 
(line to neutral) 


By measurement (average of three phases) 

Tq’ =0.5446!"°7 

I," =0.574¢-9%8°7 
Fq/Iq= (6.85+ 75.61)10-® ohms per foot 

(line to neutral) 


The differences between measured and 
calculated values are in the directions that 
would be expected in view of the various 
assumptions made. The phenomena of Fig- 
ure 14, neglected in the calculations, makes 
the phase angle between Jy’ and J,” more 
nearly 60 degrees than calculated from equa- 
tions 10 and 11. The resistance calculated 
from equation 12 is lower than measured, 
because slight nonuniform current density 
in individual bars is neglected. That calcu- 
lated from equation 15 is higher, because the 
magnitude of the bar currents is less than 
the 0.577 Ig assumed by this method. A 
small correction could be made for nonuni- 
form current density by applying published 
formulas for skin effect in a single-phase pair 
of flat bars.!! Reactances agree within ex- 
perimental error. 

Calculation of impedance by the conven- 
tional assumption that 7,’=J,", vectorially 
(see reference 17, equations 15 to 20) gives 


Eq/Iq= (4.95+78.27)10~-§ ohms per foot 
(line to neutral) 

Ep/Tpy = E/T, = (4.95+716.55)10-* ohms per 
foot (line to neutral) 

Average = (4.95+713.80)10~® ohms per foot 
(line to neutral) 

Measured with I,'=J," (produced by use of 
a transposition, Figure 12): 

Average = (9.87 -+719.02)10~® ohms per foot 
(line to neutral) 


The conventional method of calculation, 
therefore, does not give correct results for 
ordinary paired-phase arrangements, be- 
cause current distribution is not as assumed. 
On the other hand, when bar currents are as 
assumed, the current density within each bar 
is not uniform, and, in addition, the steel 
housing causes extra losses and higher re- 
actance. 


References 


1. CuRRENT-CARRYING Capacity or Bus Bars, 
H. W. Papst. Electrical World, volume 94, 1929, 
pages 569-72. 


Fisher, Frank—Paired-Phase Bus Bars 


2. Carryinc Capacity or 60-CycLx Busses ror 


Heavy Currents, T. G. LeClair. AIRE TRANS- 
ACTIONS, volume 45, 1926, pages 203-09, 


3. ENcLosrp Bus-Bar ELrctricat DistRIBU- 
TION SysSTEMS FOR INDUSTRIAL Pants, E. T. 
Carlson. AIEE TRANSACTIONS, volume 60, 1941, 
June section, pages 297-302: discussion 700-01, 


4. CurRENT DistRIBUTION IN MULTICONDUCTOR 
SiINGLE-PHasp Bussns, C. F, Wagner. Electrical 
World, volume 79, 1922, pages 526-9, 


5. Current DisTrtpuTion In A RECTANGULAR 
Conpucror, John L. Daley. AIEE TRANSACTIONS, 
volume 58, 1939, pages 687-91, 


6. ALTRERNATING-CURRENT DISTRIBUTION IN BARS 
OF RECTANGULAR Cross Section, H. Schwenk- 
hagen. Archiv fiir Elekirotechnik (Berlin, Germany), 
volume 17, 1927, pages 537-89. 


7. INSTRUMENT TRANSFORMERS (book), B. Hague. 
1936. Chapter 12, The Magnetic Potentiometer, 


8. Tue Erricient Utrization or Conpucror 
MATERIAL IN Bus-Bar Sxcrrons, C. Dannatt, 
S. W. Redfearn. World Power, volume 14, 1930, 
pages 397-400, 492-6. 


9. EXPERIMENTAL RESEARCHES ON SKIN EFFECT 
in Conpucrtors, A. E. Kennelly, F. A. Laws, P. H. 
Pierce. AIEE Transactions, volume 34, 1915, 
pages 1749-1814. 


10. Skrn-Errecr RusistaNCE MEASUREMENTS OF 
Conpucrors aT Rapto FregueNciES UP to 
100,000 Cyc_res PER Seconp, A. E, Kennelly, H. A. 
Affel. Institute of Radio Engineers Proceedings, 
volume 4, 1916, pages 523-80. 


11. Skin Errect oF A RETURN CrRcUIT OF Two 
ADJACENT STRAP Conpuctors, H. B. Dwight. 
Electric Journal, volume 13, 1916, pages 157-8. 


12, THe TRANSMISSION OF ALTPRNATING-CUR- 
RENT Power WITH SMALL Eppy-CURRENT LOSSES, 
A. H. M. Arnold. Institution of Electrical Engi- 
neers Journal (London, England), volume 80, 1937, 
pages 395-400. 


13. New Crrcurrs, BETTER WELDS, T. O. Morgan. 
Factory Management and Maintenance, volume 99, 
September 1941, pages 92-3. 


14. Powrr Suprprty ror RESISTANCE-WELDING 
MAcHINES, Part III, Facrory WIRING FOR RE- 
SISTANCE WeLpERS, AIEE committee on electric 
welding. AIEE TRANSACTIONS, volume 60, 1941, 
May section, pages 185-92. 


-15. REACTANCE VALUES FOR RECTANGULAR CON- 


puctors, H. B. Dwight. Electric Journal, volume 


16, 1919, pages 255-6. 


16. CaLcuLaTION OF INDUCTANCE AND CURRENT 
DISTRIBUTION IN LOw-VOLTAGE CONNECTIONS TO 
Evectric Furnaces, C, C. Levy. AIEE TRANs- 
ACTIONS, volume 51, 1932, pages 902-13. 


17. ENGINEERING CALCULATION OF INDUCTANCE 
AND REACTANCE FOR RECTANGULAR BAR Conpuc- 
tors, O. R. Schurig. General Electric Review, 
volume 36, 1933, pages 228-31. 


18. TPMPERATURE Rise oF Bus Bars, H. B. 
Dwight, G. W. Andrew, H. W. Tileston, Jr. Gen- 
eral Electric Review, volume 43, 1940, pages 213-16. 


19, ELEMENTS OF ELECTRICAL-POWER TRANS- 
MISSION AND DISTRIBUTION (book) C. F. Woodruff. 
1938. Pages 13-69 


=] 
~ 


TRANSACTIONS 


An Electromechanical Calculator for 


Directional-Antenna Patterns 


CARL E. SMITH 


MEMBER AIEE 


Synopsis: An electromechanical calculator 
has been designed for the rapid solution of 
directional-antenna patterns. After the de- 
sired antenna parameters have been set up, 
the machine automatically draws the field- 
intensity curve to any desired scale on a 
sheet of polar co-ordinate paper and indi- 
cates the rms value for drawing a circle of 
the equivalent nondirectional pattern. 

The fundamental design of the calculator 
does not limit the number of antennas that 
can be used in the directional array. As the 
number of antennas is increased, the greater 
the degree of control is possible to mould the 
radiation pattern into the desired shape. 

Not only is the horizontal directional 
field-intensity pattern, such as used in 
broadcast practice, readily available, but 
the field-intensity contours at any elevation 
angle can be drawn with equal ease. The 
vertical radiation characteristics of the 
several antennas can be selected at will. 
This makes it possible to explore the solid 
contour surface of the whole hemisphere in 
a relatively short time and also determine 
the total power radiated from the direc- 
tional-antenna system. The machine is 
also suitable for calculating the solid con- 
tour surface of the radiation pattern from 
a parallel horizontal antenna array. 


O anyone who has had the task of 
designing a directional-antenna array, 
the need of some short cut to reduce the 
tedium of laborious calculations has been 
very apparent. To meet this need a num- 
ber of schemes has been brought forth, 
ranging from early graphical methods to 
actual measurements on models, from 
purely mechanical to purely electrical 
devices. These devices have varying de- 
grees of usefulness, and all meet to a large 
degree the requirements of lessening the 
time required to explore the number of 
varying parameters necessary to meet 
some special case. 
Extended tables systematizing patterns 
of two tower arrays have been pub- 
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lished.!~4 These diagrams are very helpful 
to show trends, even though the designer 
may in the final analysis have to calculate 
very precisely the pattern after deciding 
upona suitable range of spacings and phas- 
ings. The authors felt that a system- 
atization of three tower arrays would be of 
very real value to the industry. Therefore, 
in taking up the problem of developing an 
antenna-pattern calculator, they had in 
mind not only its immediate use as at first 
outlined, but also the ultimate accurate 
and quick development of a great number 
of patterns. After considering carefully 
the merits of various methods, it was de- 
cided that an electromechanical device 
could be made to combine the accuracy 
and simplicity of the mechanical method 
with the speed and flexibility of the elec- 
trical method. 

The usual problem in broadcast prac- 
ticeis to mould the radiation pattern into 
the desired shape to cover the service 
areas and give the required protection to 
other radio stations. As a matter of 
economics, it is desirable to do the job 


with the minimum number of antennas. 
- 


With severe requirements, the number of 
antennas must be increased until the radi- 
ation pattern can be moulded into the 
desired shape. This electromechanical 
calculator was designed primarily to 
handle this type of problem. It is not 
necessary to assume images on the basis 
of a perfect earth. The only requirement 
is that the vertical radiation characteris- 
tic of the several antennas be known when 
it is desired to determine the solid contour 
surface over the whole hemisphere. 

It is also possible to solve for the solid 
contour surface of horizontal radiators 
located above the surface of the earth. 
In this case, the horizontal radiation 
characteristic of the individual antennas 
in free space must be known. The images 
in this case must be set up on the machine 
just as the actual antennas are set up. 
If the horizontal antennas are perpen- 
dicular to and bisected by a vertical 
plane, then the contours are run at con- 
stant angles to this perpendicular plane, 
just as the various elevation contours are 
run in the case of vertical antennas. In 
other words, the contours are run as if 
the antennas were vertical, and then the 


Smith, Gove—Electromechanical Calculator 


contour surface is rotated 90 degrees to 
locate properly the antennas above the 
surface of the earth. Only that part of 
the contour surface is useful that appears 
above the surface of the earth. For such 
an array the contour surface will be sym-_ 
metrical to the vertical plane passing 
through the center of the antennas. 

A more general case is to have hort- 
zontal parallel antennas without requiring 
their centers to bisect a vertical plane. 
In this case those horizontal antennas 
and their images, that are not bisected 
by a vertical plane, must have their 
phase adjusted by for each contour to 
correct for the space phase difference. 
These adjustments of phase are made on 
the assumption that the observation 
point is located at infinity, which is the 
same assumption that is ordinarily used 
for the antenna spacing. For this more 
general case the pattern will be unsym- 
metrical about any vertical plane, and 
the contour surface will have to be run 
for both ends of the array. 


Design Consideration 


In consideration of the problem of sys- 
tematizing directional-antenna patterns, 
it is desirable to have considerable flexi- 
bility, accuracy, and speed in the ma- 
chine. Since the time involved to do this 
job by hand is prohibitive, one can af- 
ford to spend considerable time and effort 
in perfecting a machine to the point that 
it will give, with sufficient accuracy, this 
valuable engineering information. The 
design and development of such a ma- 
chine, incidentally, involves the solution 
ofa number of rather interesting problems. 

The purely mechanical calculator®® has 
simplicity and accuracy depending upon 
the preciseness with which the individual 
mechanical parts are made. However, 
in its usual forms, it lacks considerable 
flexibility and speed for calculating all 
the desired factors involved in a direc- 
tional pattern. The usual design of these 
calculators will give the horizontal pattern 
for three antennas, and, if the antennas 
are identical, the vertical patterns can be 
determined without much difficulty. Its 
operation depends upon one vector being 
fixed and used as the reference with the 
vectors of the other two antennas revolv- 
ing about its ends in the proper fashion. 
The handling of more than three antennas 
becomes mechanically involved, because 
the additional vectors must revolve about 
the ends of the free-ended vectors. 
Recording the patterns accurately and 
automatically with such a device is ex- 
ceedingly difficult, because the distance 
between the free-ended vectors must be 
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Figure 1. Vertical radiation characteristic as 
a function of electrical height 


measured and recorded accurately at all 
points. If readings are taken at periodic 
intervals, these values must again be 
used in a separate operation to determine 
the rms value of the pattern. This is a 
very important quantity if the pattern is 
to be used for a definite power into the 
system. Even then there is the question 


of the power used in the high angle radia- 


tion. It usually takes longer to determine 
the rms value than it does to determine 
the pattern itself. A more satisfactory 


_ method is to use an equation involving 


~ value.? 


Bessel functions to determine the rms 
Appendix I gives the general 
form of this equation with an illustrative 
example. 

The purely electrical form of calculator 
may place the directional-antenna pattern 
on an oscilloscope screen. This scheme is 
rapid, being visual, can be altered instan- 
taneously by changing the various an- 
tenna parameters at will, and is not lim- 
ited to the number of antennas in the 
system. The rms value can be read from 
a meter directly. The limitation of this 
scheme is primarily lack of accuracy, de- 
pending of course upon the electrical de- 
sign. 

The authors have put into operation 
at the transmitting plant of WHK- 
WCLE an electromechanical directional- 
antenna pattern calculator which will 
automatically draw the horizontal pat- 
tern of a four-element array with the 
possibility of adding as many more ele- 
ments as desired. This machine will also 
automatically draw the field-intensity 
contours at various elevation angles. 
These data readily yield the vertical 
pattern in any direction from the an- 
tenna system. In addition to this, the 
machine measures the rms value of the 
pattern asitis drawn. Hence, the volume 
of the solid radiation pattern is readily 
determined by a simple computation. 
From this information the actual power 
radiated from the antenna system can 
easily be computed. 
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The electromechanical calculator ac- 
complishes its purpose by starting with a 
simple mechanical system, converting to 
an electrical system for flexibility, and 
finally converting back to a mechanical 
system to draw the curve. The mechani- 
cal portion of the calculator consists of a 
turntable to hold the polar co-ordinate 
chart paper. This turntable is driven by 
a variable-speed motor which in turn 
drives the several mechanical cosine gen- 
erators, These generators in effect rotate 
the second, third, and fourth antennas 
around the first or reference antenna. 
The mechanical cosine generators are 
rack-geared to phase-shifting transform- 
ers. At this point the mechanical vector 
is converted into an equivalent electrical 
vector. All of the electrical vectors can 
then be added in series and the resultant 
represents the field intensity in the given 
direction in space as indicated by the 
orientation of the turntable carrying the 
polar co-ordinate chart paper and the 
elevation angle. An automatic volta- 
graph converts this electrical magnitude 
into an equivalent mechanical magnitude 
to drive the radial inking pen and plani- 
meter. The inking pen draws the pat- 
tern while the planimeter measures the 
rms of the pattern. Usually, after the di- 
rectional pattern is finished, the rms 
circle is drawn on the polar co-ordinate 
chart as additional valuable information, 


Generalized Equation 


The electromechanical calculator in 
reality is an equation solver. In this case 
the equation is of a particular variety, 
and the machine must be adapted to 
handle the various parameters in the 
equation. The method of operation of 
the machine can best be explained after 
considering the general nature of the 
equation to be solved. 

For a directional antenna array of n an- 
tennas, the generalized equation is 

k=n 


E=)> Exf p(0)e'Px 


k=1 


(1) 


where 


E=the total effective field-intensity vec- 
tor for the antenna array with respect 
to the voltage reference axis 

k=the kth antenna in the system 

n=the total number of antennas in the 
complete directional-antenna array 

E,, =the horizontal magnitude of the field 
intensity produced by the kth an- 
tenna 

f,(0) = vertical radiation characteristic of the 
kth antenna (unity along the horizon) 
@=elevation angle of the observation 
point P measured up from the horizon 

in degrees. 
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Figure 2. Symbolic 
representation of the 
electromechanical 
antenna-pattern cal- 
culator 


A—Motor - driven 
turntable carrying 
polar co-ordinate 
chart paper. The 
orientation of the 
observer is repre- 
sented by o 


B—Mechanically 
driven cosine wave 
generators with ad- 
justments for antenna 
orientations dx, spac- 
ing S; and eleva- 
tion angle 6 
S$, cos (p—¢) cos 0 


C—Mechanically 
driven phase-shifting 
transformers with ad- 
justments for antenna 
current phase V;, 
Br=Sz cos (ox—$) 
cos 0 WV; 


D—Electrical magni- 

tude adjustment of 

horizontal field in- 
tensity E,-E;,€/F* 


E—Electrical mag- 
nitude to give ver 
tical radiation char- 


© cx SE(a)E* 
E 
acteristic f,() 
Ext. Code’? 


ZERO SENSITIVITY 
F—Summation of 


electrical vectors and total electrical 
nitude control of field intensity E 


mag- 


G—Voltagraph converts electric field intensity 
E to an equivalent mechanical magnitude. It is 
provided with zero and sensitivity adjustments 


The output of the voltagraph drives the inking 
pen to draw the resulting pattern on the polar 
co-ordinate chart paper. Also, a planimeter 
is driven to measure the area of the pattern 


8: =unity vector determining the direc- 
tion of the voltage vector of the kth 
antenna 

6=2/718 52; 
rithms 
j=~<V/—1 imaginary j operator 


the base of natural loga- 


By = Spx cos (Pe —$) cos OV, (2) 


= phase relation of the voltage (or cur- 
rent) in the kth antenna with respect 
to the voltage reference axis 
S;,=electrical length of the spacing of the 
kth antenna from the space reference 
point 
¢,=true horizontal azimuth, orientation 
of the kth antenna, with respect to 
the space reference axis 
¢=true horizontal azimuth angle of the 
direction to the observation point P 
(measured clockwise from true north) 
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NORTH Figure 3. Plan view of 
true orientation and spac- 
ing of the kth antenna 
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Figure 4. Vector representa- 
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Figure 5. Vector repre- 
sentation of the field in- 
tensity of the kth antenna 


tion of the total field inten- 


SPACE REFERENCE POINT 


W,,=electrical phase angle of the voltage 
(or current) in the kth antenna with 
respect to the voltage reference axis 


For a vertical antenna having a sinu- 
soidal current distribution with a cur- 
rent node at the top, the vertical radia- 
tion characteristic takes on the form 

cos (A sin @)— cos h 


(8) = A 3 
a (1— cos h) cos 0 i 


where 


h=electrical 
degrees. 


height of the antenna in 


The other terms are as defined above. 
The curves in Figure 1 represent the 
solution of equation 3 over the most useful 
range of antenna heights. 


Machine Solution of 
Generalized Equation 


The electromechanical antenna-pattern 
calculator solves the generalized equation 
as shown symbolically in Figure 2. The 
position of the observer, the placement 
of the antennas, and the phase of an- 
tenna currents determine the direction of 
the various antenna vector voltages. 
These adjustments are all mechanical. 
The magnitude of these vectors are con- 
trolled electrically and are added for the 
total effective field intensity. This field 
intensity is then converted into an equiva- 
lent mechanical magnitude to drive the 
inking pen and planimeter. 

The direction of the inking pen from 
the zero-degree reference orientation of 
the turntable represents the orientation @ 
of the observer from the antenna system. 
The turntable which is driven by a vari- 
able-speed motor is geared through 
clutches to all the cosine wave generators. 
The orientation of the kth antenna, for 
example, from true north is accomplished 
on the caleulator by locking the turn- 
table so that the inking pen is true north. 
The kth antenna cosine-wave-generator 
clutch is then released and turned to give 
the desired orientation , in degrees as 
indicated on the orientation dial. The 
clutch is then locked into position. The 
spacing S;, of the kth antenna measured 
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sity in space 


from the space reference point 1s an am- 
plitude adjustment, measured in electri- 
cal degrees on the spacing arm, of the co- 
sine wave generator. These two adjust- 
ments locate the kth antenna as illus- 
trated in Figure 3. The adjustments 
thus far give the function 5; cos (¢, — ¢) 
for the horizontal pattern. 

The cosine wave generator drives a 
phase-shifting transformer through a 
rack and gear. This mechanism is so pro- 
portioned that if the observer moves 
around the antenna, by rotating the turn- 
table, the phase of the current in the kth 
antenna will shift the same number of 
electrical degrees that the number of 
electrical degrees from the observer to 


alla 


Ce 


Bemrsean 
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the antenna changes. The phase of this 
current is zero in the kth antenna when 
the voltage vector lies along the voltage 
reference axis. For this condition the 
distance from the observer to the space 
reference point is equal to the distance 
from the observer to the kth antenna. 
The phase VY; is adjusted by a clutch ar- 
rangement on the shaft of the phase- 
shifting transformer. Any electrical phas- 
ing measured in degrees can be set me- 
chanically on the phase dial associated with 
this clutch. With this adjustment added, 
the function becomes S; cos (¢,—¢6)+W, 
for the horizontal pattern. 

All of the mechanically adjusted pa- 
rameters are represented in equation 2. 
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Along the horizon cos @=1, and the func- 
tion described in the above paragraph 
gives the correct answer, At some ele- 
vation angle cos 6 becomes less than unity ; 
hence this factor can be multiplied by the 
spacing S; and an equivalent new closer 
spacing set up. This is the effect of view- 
ing the antenna system at some elevation 
angle. The difference in the distance 
from the observer to the antennas be- 
comes less; hence, the same result is ac- 
complished by staying along the horizon 
and placing the antennas closer together. | 
Directly over the antenna system all an- 
tennas are the same distance; hence, the 
product S, cos 6 must go to zero. The 
function for any direction is S; cos (o.— 
) cos 0+, 

The direction of the observation point 
P in terms of the true orientation ¢ and 
elevation angle 0 is illustrated in Figure 4. 
The magnitude of the total effective 
field intensity is represented along the 
direction of the line from the space ref- 
erence point toward the observation 
point P for convenience in drawing the 
polar charts. The field intensities at a 
given elevation angle can be duplicated 
with an equivalent horizontal pattern, 


10 VOLT Figure 6 (left). Elec- 
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Figure 7. 
tion of four antenna 
field-intensity volt- 

age vectors 


Summa- 


using closer antenna spacing and modi- 
fied field intensities. 

The field intensity of the kth antenna 
as given in equation 1 is vectorially rep- 
resented in Figure 5. The phase angle 6, 
is controlled by the mechanical adjust- 
ments which in turn controls the phase 
of the output voltage of the phase-shift- 
ing transformer. The magnitude of the 
output voltage H;, is controlled by a po- 
tentiometer. See Figure 6. For field- 
intensity magnitudes at elevation angles, 
this value must be controlled in accord- 
ance with the vertical radiation charac- 
teristic f,(9) of the antenna. For con- 
venience in running contours at the vari- 
ous elevation angles, vertical-radiation- 
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‘teristic potentiometers are used 
1aving heights in multiples 
ht-wave length plus one position 
ich is adjustable to any other desired 
er ical pattern. These vertical-pattern 
ntiometers speed up the work and 
1 the chance of making errors. The 


_ The total effective field-intensity vec- 
tor E is the summation of all the vector 
voltages from the various antennas. In 
this calculator these voltages are added 
in series. The resulting summation of 
the vector voltages for a four-element di- 
rectional-antenna system is illustrated 
Figure 7. Only the angles of these 


_ vectors vary as the orientation from the 
antenna system changes. Both the angle 
and magnitude changes as the elevation 
angle @ is varied. 

The magnitude E of the total effective 
field-intensity vector E is now converted 
into an equivalent mechanical magnitude 
in order that the radial drawing pen can 
be driven in such a way as to produce 
the field-intensity pattern on the polar co- 
ordinate chart paper. A rapid self-bal- 
ancing precision potentiometer circuit 
was developed to accomplish this result. 
Adjustments are provided to make zero 
voltage correspond to the center of the 
polar co-ordinate chart paper. A sensi- 
tivity adjustment makes it possible to 
select any reasonable scale for a given 
output voltage magnitude £. Usually 
in systematizing patterns, the magnitude 
of the maximum lobe of the pattern is ad- 
justed to fall on a given circle. This 
usually requires an adjustment of the 
sensitivity for each pattern. 
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Enough power is supplied from the bal- 
ancing mechanism to drive, in addition 
to the pen, a planimeter which rolls and 
slides on the chart paper and measures 
the area of the chart: By means of a 
table the operator can immediately de- 
termine the rms value of the pattern and 
draw this circle on the chart with the 
drawing pen controlled by a single an- 
tenna which is nondirectional, 


Speed 


The machine is driven by a variable- 
speed motor. For simple patterns the 
speed can be increased somewhat and 
the machine still maintain the required 


Figure 8. Three-tower solid-contour surface, 
plotted by the machine, on one sheet 
of the finely engraved polar co- 
ordinate chart paper 
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accuracy. For ordinary systematization 
work it takes from three to five minutes 
to complete a pattern. This involves 
setting the parameters and drawing the 
pattern and therms circle. The solid con- 
tour surface can be investigated and re- 
corded on the chart paper in less than an 
hour. This usually involves a total of 
nine contours placed three to a chart. 


Accuracy 


The machine is operated from a 220- 
volt three-phase 60-cycle source at the 
present time. Line-voltage fluctuations 
are the greatest source of error. The 
machine depends upon these voltages re- 
maining constant while the pattern is 
being run. Originally it was planned to 
provide an independent source of power 
free from fluctuations, but this had to be 
abandoned for the duration of the war. 

A number of different makes of phase- 
shifting transformers was tested, and the 
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best, which are being used in the present 
machine, showed a maximum error of 
three per cent. This appeared to be sat- 
isfactory for the systematization work. 
If desired on special jobs, checks can al-_ 
ways be made, with a vacuum-tube volt- 
meter, of all the voltages in the system, to 
increase the magnitude accuracy to that 
of the voltmeter. The error in phase 
angle checks within one degree. 

In the systematization work, the an- 
tenna orientations ¢, are advanced ap- 
proximately one degree to compensate 
for the lag in the drawing pen. This lag 
is a function of the speed of the turntable; 
hence, by slowing the turntable down it 
can be practically eliminated. 

The precision potentiometer can be ad- 
justed so that the mechanical magnitude 
tracks with the electrical magnitude and 
the balance point is always within one 
per cent of the full-scale value. 

The polar planimeter used to measure 
the area of the charts varies somewhat 
in its readings but usually can be relied 
upon to within one per cent. 


Chart Paper 


Two varieties of special chart paper 
have been prepared. One is a simple ten- 
inch circle with crosslines printed on a 12- 
by-12-inch sheet and is used primarily 
for the systematization work. Three 
such charts with patterns were tacked to 
cover lid of the calculator illustrated in 
Figure 10. The patterns are all for three 
tower antennas. The numbers at the 
bottom completely specify parameters. 

The finely engraved chart paper was 
also prepared on 12-by-12-inch sheets but 
can be trimmed down to 11 by 12 inches 
to fold into a standard notebook of 8!/>2 
by 11 inches. The engravings on this 
chart consist of a complete circle ten 
inches in diameter, divided with radials 
to single degrees and numbered every ten 
degrees clockwise from the top. The or- 
dinates are divided into ten parts to the 
inch with heavy markings every half 
inch. Figure 8 illustrates this chart paper 
with the horizontal and eight elevation 
angle contours crowded on one sheet. 
The legend ‘‘Directional-Antenna Pa- 
rameters’’ in the upper right-hand corner 
specifies all the conditions imposed upon 
the system. The legend in the lower 
right-hand corner specified the firm name, 
date, manufacturer and pattern number. 
This chart paper is now available to the 
public® with or without the blocks in the 
corners in a light or heavy weight of 
paper. The chart paper is printed with a 
brown ink for ease in making photostats 
or blueprints. 
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Vertical Patterns 


Vertical-plane radiation patterns as 
shown in Figure 9 are readily obtained 
from the elevation contours in Figure 8. 
The vertical patterns are important when 
considering sky-wave interference prob- 
lems between radio stations. 


Illustrations 


The complete machine is shown in 
Figure 10. The magnitude controls are 
on the left-hand panel, followed by the 
turntable and cosine wave generator 
panels. A supply of chart paper is held 
in a pocket under the table, convenient to 
the operator. The master-control power 
switch is on the left-hand front leg. The 
voltagraph-control amplifiers and power 
transformers are located on the shelf under 
the table. The whole unit is on wheels 
and is provided with a dust cover lid. 

Figure 11 is a close-up view showing 
details of the turntable and one cosine 
wave generator. 


Conclusions 


After three months of continuous op- 
eration, the machine has proved to be a 
speedy means of securing directional- 
antenna patterns. The systematization 
work which is progressing steadily will be 
available at a later date. 

The machine is extremely valuable 
when one is searching for a directional- 
antenna pattern to meet certain spe- 
cific requirements. Many patterns can 
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Figure 9 (left). Wertical pat- 
terns plotted from the eleva- 


400 tion contours of Figure 8 


be drawn quickly to investigate thor- 
oughly the regions of interest. The sys- 
tematization of patterns will aid materi- 
ally in finding these regions of interest. 

With care of operation, the results are 
believed more accurate than can be ex- 
pected from most directional-antenna in- 
stallations. The acceptance of such a 
machine by the profession will remove a 
considerable amount of the routine 
work. A few of these machines would 
perhaps be adequate to supply all the 
needed patterns; hence, they could be 
used to offer a directional-antenna pat- 
tern service. 


Snuth, Gove—Electromechanical Calculator 


Figure 10. Electromechanical antenna-pattern calculator 


Appendix | 


The general form of the equation for de- 
termining the root-mean-square value for 
the directional-antenna pattern involves the 
product of the field intensity of each antenna 
multiplied by the field intensity of every 
antenna in the system. In mathematical 
form this can be written 


p=n g=n 
Erms= @/ 20 eee cos (Wp — Wy) Jo(Spq) 

p=1 q=1 (4) 
where 


Exvms = root-mean-square effective field in- 
tensity 


Figure 11. A close-up view of Figure 10 
showing the turntable and one cosine wave 
generator 
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_ n=the total number of antennas in the 
__ complete directional antenna array 
E,=horizontal magnitude of the field 
a intensity produced by the pth 
antenna 
_ Eq=horizontal magnitude of the field 
7 intensity produced by the qth 
antenna 
WV, =electrical phase angle of the voltage 
(or current) in the pth antenna 
with respect to the voltage refer- 
ence axis 
W,=electrical phase angle of the voltage 
(or current) in the gth antenna 
with respect to the voltage refer- 
ence axis 
Jo(Spq) =Bessel function of the first kind 
and zero order of the spacing Sy, 
in radians, between the pth and 
gth antennas 


In this equation when p=g, the terms are 
simply the square of the antenna field in- 
tensity, because the cosine and Bessel func- 
tion terms each reduce to unity. For ex- 
ample in a three-tower array the application 
of equation 4 results in 


p=3 @=3 


ie >: E,E, cos (Yp— Vy) Jo( Sp.) 


p=1 gq=1 


E rms — 


Ee + Ee + Ee 
+2E,E, cos (Wi — V2) Jo( Siz) 
+2FE,E; cos (%, — V3) Jo( Sis) (5) 


; +2E2E3 cos (W2—Ws3) Jo( S23) 
F If the parameters for the three-tower di- 
_ rectional-antenna array illustrated in Fig- 
_ ure 8 are substituted in equation 5 the hori- 
_ zontal rms field intensity becomes 
' 1682+ 1152+ 115? 
ae +2(168)(115) cos (0-296) < 
foal Jo(3.07) 
+2(168)(115) cos (0-218) X 
Jo(1.745) 
+2(115)(115) cos (218-296) x 
J(3.37) 
168?+ 1157+ 115? 


+2(168) (115) (0.4384) ( —0.2829) 

+2(168) (115) (—0.7880) (0.3719) 

+2(115) (115) (0.2079) ( —0.3587) 
=191 


This shows an error of approximately one 
half of one per cent in the value 190 meas- 
ured by the planimeter on the machine. 
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Mobile Capacitor Units for Emergency 
Loading of Transformers in Open Delta 


HERMAN B. WOLF 


MEMBER AIEE 


Synopsis: Loading of closed delta banks of 
substation transformers to a point approach- 
ing safe thermal limit results in severe over- 
loading of two transformers as well as de- 
cided unbalance in voltage and current when 
operated in open delta as a result of the 
failure of one transformer, By the use of 
mobile capacitor units with capacitors ar- 
ranged in two unequal groups, the load on 
two transformers in open delta is reduced, 
regulation improved, voltage and current 
are balanced within operating limits, and 
with the aid of fans, the top oil tempera- 
tures—and consequently, the copper tem- 
peratures—are kept within safe limits. This 
permits proper loading of transformers in 
closed delta, a relatively short interruption 
to service or reduction in load upon failure 
of one transformer in a bank, and a reduc- 
tion in number of transformers required for 
emergency use. 


O maintain satisfactory service on a 

power system, mobile equipment such 
as railway-car-mounted substations! and 
highway trailer portable transformers 
have been found very effective. These 
portable transformers were designed to be 
used in case of the failure of more than one 
transformer in a bank. To maintain 
service in event of failure of a single trans- 
former in a delta-delta bank, transformers 
of sufficient capacity were used to permit 
open delta operation without materially 
damaging the insulation from overheating 
during the repair of the damaged unit. 
This method should no longer be used, for 
it is now imperative that substation 
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transformers be loaded to a point ap- 
proaching the safe thermal limit. With 
transformers so fully loaded, the failure of 
one transformer in a bank will necessitate 
an interruption to service, or reduction in 
load for sufficient time to permit moving 
and installing additional transformer 
capacity, since operation in open delta 
would load the two transformers to 173 
per cent of the closed delta loading. 
Operating at this overload would result 
in severe overheating of the two trans- 
formers and a very pronounced unbalance 
in voltage and current. Figure 1 shows 
calculated regulation of a typical bank of 
transformers in open delta with the 
two transformers operating at 173 per 
cent of rating. In addition to time 
and effort required to move and install 
emergency transformer capacity, this 
method requires a considerable stock of 
transformers of assorted sizes, voltages, 
and impedances on a system having a 
number of primary voltages. For ex- 
ample, the primary voltage of substation 
transformers on the system with which 
the authors are associated includes: 100 
kv, 44 kv, 33 kv, 22 kv, 13.2 kv, 6.6 kv, 
and 2,400 volts. 

An alternate method consists of open 
delta operation with the use of mobile 
capacitors and fans. As the power factor 
of load on substation transformers of the 
system on which these capacitors are used 
is ordinarily between 70 per cent and 80 
per cent, the regulation of transformers 
operating at approximately 173 per cent 
of normal load in open delta is large and 
badly unbalanced. This excessive regu- 
lation and unbalance is corrected by con- 
necting capacitors across the phase lag- 
ging the open delta and across the open 
delta. Figure 2A shows the calculated 
regulation of a bank of two 750-kva, 35- 
degree, 44,000-2,400-volt transformers 
both with and without capacitors and 
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with a maximum load of 3,125 kva, the 
power factor being 74 per cent. Figure 
2B shows transformer currents in each 
case. Capacitance of 1,080 kva was used 
across the phase lagging the open delta 
_and 540 kva across the open delta. In 
making these calculations it was assumed 
for all loads that the load currents were 
equal in each phase and 120 degrees 
apart. The voltages on the source side 
of the transformers were assumed to be 
equal for each phase and 120 degrees 
apart. The power factor of 74 per cent 
was taken with respect to the balanced 
primary voltages. The per cent voltages 
shown on Figure 2A are the calculated 
values on the load side of the transformer 
bank. The curves of voltage are there- 
fore somewhat distorted from what they 
would be in an actual application, because 
the primary and secondary voltages both 
would be somewhat unbalanced. In this 
application, however, when using capaci- 
tors, the voltage on both the primary 
and secondary windings of the trans- 
former bank will be balanced at a load of 
2,500 kva. This is shown for the load 
voltages on the curves of Figure 2A. 


The loading of transformers in open 
delta with capacitance properly applied 
may be illustrated by the following ex- 
ample: 


Assume a safe loading of three transformers 
to be 300 kva, the power factor, 75 per cent, 
and the kilowatts, 225. The load on each 
transformer, 100 kva, 75 kw. 


In open delta, the loading of each trans- 
former will be 173 kva, less a small decrease 
in output due to regulation. 


If capacitance should be added to bring the 
power factor of each transformer to 100 per 
cent, the loading of each would be 112.5 kva, 
plus the capacitor losses, which are small. 


Should capacitance be added to bring the 
power factor of the transformer which is con- 
nected across the phase lagging the open 
delta to 90 per cent, the load on each trans- 
former will average approximately 125 kva, 
plus capacitor losses. This is still a satis- 
factory condition, as the regulation will be 
good, and transformers can be cooled with 
fans. 


Method of Connecting Capacitance 


Tests were made to determine the most 
effective application of capacitance to the 
phases of an open delta bank with loads of 
various power factors. A capacitance 
ratio of two parts across the phase lag- 
ging the open delta to one part across the 
open delta gave satisfactory results. This 
connection is shown schematically in 
Figures 4, 5, and 6, and is used in all 
mobile units. Thirty-six 15-kva capaci- 
tors rated 600 volts with 2,400-volt in- 
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~ PHASE LAGGING 
OPEN DELTA 


PERCENT REGULATION 


PHASE LEADING 
OPEN DELTA —1 


(00 695 70 


90 85 80 78 
POWER FACTOR OF LOAD 
Figure 1. Calculated phase regulation of open- 
delta bank with transformers loaded to 173 

per cent of rating 


Transformer rating: 
300 kva, 35 degrees centigrade rise 
Voltage, 40,000/575 
Regulation: 
100 per cent power factor—O.94 per cent 
90 per cent power factor—3.70 per cent 
80 per cent power factor—4.65 per cent 


sulation to case were installed in each 
mobile unit. The groups of 12 and 24 
capacitors were arranged for connection 
in parallel for 600-volt operation and four 
series-parallel for 2,400-volt operation. 
A mobile unit of this size was determined 
upon asa single unit is applicable to banks 
with loads as small as 300 kva and to 
banks with loads as large as approxi- 
mately 1,500 kva, there being some 400 
banks within these limits on the system 
on which these mobile capacitors are used. 
As can be seen in Figure 3, a unit of this 


Figure 3. Mobile capacitor unit attached to — 
towing vehicle 


capacity is comparatively small and can 
be handled easily. 


Tests and Operating Results 


Data were obtained from capacitors in 
use as well as in tests in which one trans- 
former was disconnected to give open 
delta connection. Figure 4 shows test on 
bank of 300 kva, 35-degree rise, 44,000/ 
575-volt transformers with a peak load of 
over 1,300 kva and with complete read- 
ings taken with loads between 1,100 and 
1,200 kva. Temperature curves show 
transformer temperatures while operating 
in closed delta, self-cooled, and in open 
delta, fan-cooled, with capacitors. One 
set of readings was taken with 25 per cent 
of the capacitors disconnected, but with 
the same ratio of 2 to 1 applied to the 
phase lagging the open delta and across 
the open delta. This test, as well as data 
in Figures 5 and 6, illustrates the wide 
range permissible in amount of capaci- 
tance used. Figure 5 shows test of bank 
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Figure 4. Performance of transformer bank in 
closed delta and in open delta with and without 
capacitors 


Transformer rating: 
300 kva, 35 degrees centigrade rise 
Voltage: 40,000/575 


Regulation: 
100 per cent power factor—0O.94 per cent 
90 per cent power factor—3.70 per cent 
80 per cent power factor—4.65 per cent 


of 750 kva, 35 degrees centigrade, 44,000/ 
575-volt transformers. In this case, 
capacitance of 1,080 kva was used for one 
set of readings and 540 kva for another, 
in each case the ratio of 2 to 1 across the 
lagging phase and open delta being re- 
tained. Figure 6 shows results with one 
250-kva transformer of a bank of three 
out of service, a load of over 600 kw, with 
a normal power factor of approximately 
80 per cent being carried by the remain- 
ing two transformers with a 540-kva 
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capacitor unit. As in Figures 4 and 5, 
additional readings were taken with vari- 
ous amounts of capacitance. 

The preceding figures illustrate the 
flexibility of the mobile capacitor units, 
for they are applicable to all open delta 
banks, regardless of primary voltage or 
impedance providing the secondary volt- 
age is common to one of the two voltages 
for which these units are arranged. Pro- 
vision is made to permit a portion of the 
540 kva in each mobile unit to be dis- 
connected quickly, still retaining the 2 to 
1 ratio, if less capacitance is required for 
smaller loads, and, as shown in Figure 7, 
two or more units may be operated in 
parallel to take care of larger loads. 


Description of Mobile Unit 


As the total weight of the unit is only 
4,600 pounds, it can be handled easily by 
car or light truck. Electric brakes are 
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Figure 5. Performance of transformer bank in 
closed delta and in open delta with and with- 
out capacitors 


Transformer rating: 
750 kva, 35 degrees centigrade rise 
Voltage: 44,000/600 


Regulation: 
100 per cent power factor—O.81 per cent 
90 per cent power factor—2.73 per cent 
80 per cent power factor—3.39 per cent 


provided with brake control on a flexible 
cable, so each capacitor unit can be towed 
by any one of a number of vehicles. 

The enclosing housing is provided with 
doors on each side, one side providing 
access to a 50,000-kva automatic oil cir- 
cuit breaker which controls the capacitor 
circuit. The door on the opposite side 
opens to a terminal board by means of 
which the capacitors may be grouped for 
either 600- or 2,400-volt operation. One 
multitap current transformer on each of 
the two groups of capacitors provides cur- 
rent indication and tripping energy. 
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and 


Ventilation of the capacitors 
breaker is provided by openings in the 
bottom and at each side of the enclosing 
housing. Natural circulation of air was 
found insufficient to maintain capacitor 
temperatures within desired limits so a 
12-inch exhaust fan was installed in one 


side of each mobile unit. This provided 
ample circulation for properly cooling the 
equipment. 
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The entrance bushings are stenciled, 
“Common,” “High,” and ‘Low,’ refer- 
ring to the transformer bus; the phase to 
which the two transformers connect being 
the ‘‘Common,” the phase having the 
higher voltage as referred to the “‘Com- 
mon” connecting to the ‘“‘High”’ terminal, 
and the remaining phase to the “Low” 
terminal. With this marking correct 
connection of the portable unit to the 
transformer bus can be made quickly. 
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Figure 7. Test setup with two mobile capaci- 
tor units connected in parallel 


Voltage readings are not required for cor- 
rect connection if phase rotation is known 

The portable fans can usually be trans- 
ported in the towing vehicle. Two fans — 
per transformer will ordinarily cool a 
transformer 500 kva or smaller, and three 
or more are used on a larger transformer. 


Conclusion 


By locating portable capacitor units at 
strategic points on a power system, per- 
missible loading of closed delta banks may 
approach the safe thermal limit and still 
be operated in open delta in emergency. 
The mobility, light weight, and simplicity 
of connection, permit rapid installation of 
the portable capacitor units. As the 
mobile units are applicable to all trans- 
former banks having secondary voltages 
common to the capacitors, the number of | 
transformers held for emergency use may 
be reduced. This is particularly true on 
systems having a multiplicity of primary 
voltages. 
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in the same 


Synopsis: Safe overloads for transformers 
can be determined by a modification of the 


_ American Standards Association rule for 
_ overloading to permit the use of an equiva- 


lent ambient temperature, which will result 
loss of life as for continous 
operation at 30 degrees centigrade ambient 
and full load. 

Based on the rule that aging of insulation 
doubles for each eight degrees centigrade 
increase in temperature, methods are de- 


_ veloped for calculating the equivalent am- 


bient temperature based on United States 
Government Weather-Bureau records. The 
equivalent ambient temperature for each 
month is calculated as the sum of the 
greatest recorded monthly mean tempera- 
ture plus a daily correction factor based on 
the greatest recorded daily range, plus a 
monthly correction factor based on the 
greatest recorded monthly range. Monthly 
equivalent ambient temperatures so ob- 
tained can be used in combination with load 
curves to determine the permissible safe 
load for a transformer for a given locality. 


USEFULNESS OF EQUIVALENT AMBIENT 


RANSFORMERS are given a name- 

plate rating in kilovolt-amperes which 
is the load they will carry under specified 
conditions. They may be safely over- 
loaded beyond their name-plate rating 
under certain conditions, such as an am- 
bient temperature below 30 degrees centi- 
grade. In most locations ambient tem- 
peratures below 30 degrees centigrade 
exist for at least a portion of the time. 

One method of conserving material is to 
utilize it to the best advantage so that 
greater output can be secured from a 
given quantity. Following these prin- 
ciples, transformers now in service can be 
used to carry loads greater than their 
name-plate rating, and new transformers 
with smaller name-plate ratings than the 
kilovolt-amperes to be carried can be 
secured for new applications. 


PRINCIPLES GOVERNING EQUIVALENT 
AMBIENT 


Under normal operating conditions a 
transformer ages because of the effect of 
temperature in deteriorating the insula- 
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tion. The rate at which the life of the 
insulation is consumed increases as the 
operating temperature is increased. An 
increase in ambient temperature of the 
cooling medium results in a correspond- 
ing increase in the operating temperature 
of the transformer and corresponding 
increased rate of loss of life. Similarly, a 
decrease in the ambient temperature 
results in a decrease in the rate of loss of 
life, 


Under actual operating conditions, the 
ambient temperature varies continuously. 
According to the American Standards 
Association Guides for Operation ‘‘oil- 
immersed self-cooled transformers may 
be overloaded continuously one per cent 
of rated kilovolt-amperes for each degree 
centigrade that the daily temperature of 
the cooling medium is below 30 degrees 
centigrade.”’ 


Accordingly, if the transformer is 
operating at constant load throughout 
the year, the maximum load will be based 
on the hottest day of the year. The use 
of an equivalent ambient temperature 
permits fuller utilization of transformer 
capacity, taking advantage of the fact 
that operation at low temperatures at 
lower rate of loss of life tends to com- 
pensate for operation for a time at high 
temperatures with faster rate of loss of 
life of insulation. 

The equivalent ambient temperature 
is defined as the temperature which, if 
maintained continuously during the pe- 
riod of time under consideration, would 
result in the same aging of insulation as 
that occurring under the actual ambient 
temperatures. The equivalent ambient 
temperature may be used with the follow- 
ing modification of the American Stand- 
Association rule for overloading 
“For low ambient tempera- 
kilovolt-ampere 


ards 
transformers: 
tures the continuous 
loading may be increased one per cent 
for each degree centigrade that the equiva- 
lent ambient temperature is below 
30 degrees centigrade for self-cooled 
transformers.” 

The calculations for determining the 
equivalent ambient temperature are based 
on the laws governing the aging of trans- 
former insulation. If the rate of aging 
were proportional to the temperature, the 
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equivalent temperature would be equal 
to the average temperature. Actually, 
however, aging proceeds more rapidly 
at higher temperatures. The rate of 
aging doubles for each increase in tem- 
perature of five to ten degrees centigrade. 
Figure 1 is a curve which shows the rate 
of loss of life as a function of operating 
temperature, assuming the rate of aging 
doubles for each increase in temperature 
of eight degrees centigrade. Since the 
rate of aging shown in Figure | is relative, 
the ordinates (degrees centigrade) can 
represent actual degrees centigrade or 
degrees centigrade above any assumed 
base temperature. 

Where the ambient temperature 
changes slowly, it has the effect of in- 
creasing the operating temperature of the 
transformer a corresponding amount. 
For example, if the ambient temperature 
is 40 degrees centigrade instead of 30 
degrees centigrade, the operating tem- 
perature of the transformer will be ten 
degrees higher. 

The method of calculating the equiva- 
lent ambient temperature is illustrated by 
Figure 2. Curve A is the recorded am- 
bient temperature plotted versus time. 
Using curve A as a base and the relation 
between temperature and rate of loss of 
life in Figure 1, curve B is plotted, rep- 
resenting the rate of loss of life in per 
cent of the rate of loss of life at ten degrees 
centigrade corresponding to points on 
curve A. The degrees centigrade of each 
point of curve A above the assumed base 
temperature of 10 degrees centigrade are 
used to find the relative rate of aging 
for that point from Figure 1, for plotting 
on curve B of Figure 2. The area 
under curve B represents the total loss 
of life, and the average value of the 
ordinates of curve B is the average rate 
of loss of life for the period considered. 
The equivalent ambient temperature is 
the sum of the base temperature of ten 
degrees centigrade plus the temperature 
from Figure 1 corresponding to the 
average loss of life in Figure 2, since, if 
maintained constantly, this temperature 
would result in the same total loss of 
life as results from curve A. 

Integration in exactly this manner 
could be used for determination of the 
equivalent temperature. 

However, when using available data, 
the problem is considerably simplified if 
the year is considered on a monthly basis 
and the characteristics of a typical day 
for each month are determined. The 
equivalent ambient tempera- 
combining the 


monthly 
tures are obtained by 
daily equivalent ambient temperatures 
for the days of the month. In turn, the 
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Figure 1(left). Curve 


showing how rate of 
aging varies with the 


temperature accord- 


ing to the eight de- 


grees centigrade rule 


Figure 2 (right). 


Curves __ illustrating 


aging calculations 
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annual equivalent ambient temperature 
is obtained by combining the monthly 
equivalent ambient temperatures for 
the months of the year. 


GENERAL CURVES 


Using the principle outlined in connec- 
tion with Figures 1 and 2, it is possible to 
calculate the equivalent ambient for tem- 
perature variations with time for any 
shape of wave. A convenient manner of 
expressing the data so obtained is as a 
correction to be added to the average 
value of the wave or as a different cor- 
rection to be subtracted from the maxi- 
mum value of the wave. Curves showing 
the corrections to be added to the average 
value to obtain the equivalent tempera- 
ture of a sine wave and of a wave in which 
the temperature varies as a straight line 
function of the time are shown in Figures 
3 and 4. Figure 5 shows similar correc- 
tions to be subtracted from the maximum 
value of square top waves. These cor- 
rections in each case were obtained by 
calculating the equivalent temperature 
in the same manner as the equivalent 
temperature of Figure 2 was obtained. 


DAILY TEMPERATURES 


The records of the weather bureau for 
the location considered can be used to 
determine average daily temperatures and 
the variation during the day of the hourly 
temperature. 

Transformers do not respond immedi- 
ately to changes in ambient temperature 
because of the thermal capacity of their 
copper, iron, and oil. The effect of the 
thermal capacity of a transformer is two- 
fold. It tends to smooth out and average 
the effect of rapid changes in tempera- 
ture. In addition, it decreases the effect 
of the change so that a change of ten 
degrees in ambient during a 24-hour 
period, for example, will result in only an 
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eight-degree change in the hot-spot tem- 
perature of the transformer. The mathe- 
matical relations governing this effect 
are derived in Appendix I where it is 
shown that the variation in temperature 
of a typical transformer caused by sine- 
wave variation in the ambient tempera- 
ture during one day is 80 per cent of the 
ambient-temperature variation. The ef- 
fect of the higher harmonics is smoothed 
out and decreased more than the tempera- 
ture variation because of the fundamental 
frequency of one cycle per day. 

Figure 6 shows typical daily variation 
in temperatures taken from reports of 
the United States Weather Bureau. 
This curve is of the general form of a sine 
wave with superimposed higher frequency 
harmonics of smaller magnitude. 

The daily range in temperature may 
vary from a few degrees to as much as 
50 degrees Fahrenheit or more. An ex- 
amination of weather-bureau records of 
the range in temperatures indicates fhat 
the greater ranges may occur in connec- 
tion with the highest temperature of the 
month or with the lowest or intermediate 
temperatures. Consequently, the as- 
sumption is made that every day has the 
same daily range in temperature. It will 
be noted that curve A of Figures 3 and 4 
gives practically the same results as tak- 
ing 80 per cent of the range and applying 
it to curve B. Consequently, for correct- 
ing for daily range the correction from 
curve A corresponding to the daily range 
may be added to the average temperature. 
The value of daily range to be chosen de- 
pends upon the conservatism desired. 
In order to insure conservative values of 
ambient temperature, the use of the 
greatest recorded daily range in tempera- 
ture is recommended. 

(The American Standards Association 
rule takes into account daily variations, 
and strictly speaking no correction would 
be made for them. However, in the in- 
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terest of greater exactness, it seems logical 
to make this correction in order to obtain 
a constant base for the life of insulation 
instead of a varying base depending upon 
the locality.) 


MONTHLY TEMPERATURES 


If the mean daily temperatures are 
averaged over a period of years, the aver- 
age daily temperatures will vary with 
time in accordance with a sine wave. 
Figure 7 shows values for Milwaukee over 
a period of 55 years. The average maxi- 
mum, the average mean, and the average 
minimum daily temperatures vary as sine 
waves with superimposed higher har- 
monics of smaller magnitude. 

On the average the temperature during 
an individual month will follow a portion 
of asine wave. Since there are 12 months 
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Figure 3. Correction curves—degrees centi- 
grade 


Curve A—Correction to be added to average 
value of straight-line variation of temperature 
to obtain equivalent temperature 


Curve B—Correction to be added to average 
value of sine wave of temperature to obtain 
equivalent temperature 
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Figure 4. Correction curves—degrees Fah- 
; renheit 


Curve A—Correction to be added to average 
value of straight-line variation of temperature 
to obtain equivalent temperature 
Curve B—Correction to be added to average 
value of sine wave of temperature to obtain 
equivalent temperature 


in a year, and the period of yearly varia- 
tion of temperature is 12 months, each 
month will extend over '/;2 of 360 degrees, 
or 30 degrees. Since the curvature of 
each part of a sine wave is different, the 


actual shape of the ideal monthly vari- 


ation will be different for each period 
of the year. Ifa straight line is drawn 
through the maximum value for the 
month and the average value for the 
month, a very close approximation will 
be obtained for periods of the order 
of one month. The portion of the curve 
which has the greatest effect on the aging 
is the portion above the average value, 
and it will be apparent by inspection of 
the straight lines A, B, and C of Figure 8 
that very little error is introduced by 
assuming a straight-line variation of tem- 
perature with time during ‘a month, if 
the straight line passes through the maxi- 


\ 


mum value of temperature and the 
mean value of temperature located at the 
halfway point of the month. Figure 9 
shows typical values of the variation of 
daily temperature during the month. 
The mean temperatures plotted are ar- 
ranged in their order of magnitude with 
the hottest day plotted at the left and 
progressing to the coldest day at the right. 
These curves are in accordance with the 
ideal variation in that a straight line 
drawn through the maximum daily mean 
temperature for the month and the 
monthly mean temperature results in a 
very good approximation of the monthly 
equivalent. Consequently, curve A of 
Figures 3 and 4 can be used to obtain 
the correction for variation of daily mean 
temperatures during the month. The 
range in temperatures to be used depends 
upon the conservatism desired. In order 
to insure conservative values of ambient 
temperature, the use of the greatest 
monthly range of daily mean temperatures 
ever recorded for that month is recom- 
mended. This figure is not always readily 
available. In such cases one of the other 
approximations given in Appendix III can 
be used. 

Figure 10 shows a nontypical variation 
of temperatures during a month in which 
the temperatures vary considerably from 
a straight line. However, even here the 
straight line drawn through the maxi- 
mum and the mean temperatures rep- 
resents an equivalent temperature that 
is not greatly in error, and such a wave 
shape is certain to have an average value 
that is lower than the greatest average 
value ever recorded for the month, be- 
cause of the effect of the low values in 
reducing the average. This is illustrated 
by the figure where the actual mean was 
20 degrees Fahrenheit for the month and 
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subtracted from the maxi- 
mum temperature for rec- 
tangular waves 
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greatest mean recorded for that month 
is 34 degrees Fahrenheit, 

Reports of the weather bureau show 
the mean temperature for each month 
over a large number of years. By select- 
ing the greatest mean temperature which 
has been recorded for that month, a 
value of average temperature is obtained 
which is not likely to be exceeded in the 
future years or in any case by more than a 
small amount. Using these values, the 
equivalent monthly ambient is equal to 
the greatest mean temperature ever re- 
corded for the month, plus the daily cor- 
rection corresponding to the greatest 
daily range ever recorded for the month 
from curve A of Figures 3 or 4 plus 
the monthly correction corresponding to 
the greatest monthly range in daily mean 
temperature ever recorded for the month 
from curve A of Figures 3 or 4. 

After equivalent temperatures for each 
of the 12 months of the year have been 
calculated, the equivalent temperature ) 
for any period of time involving two or 
more months can be determined readily 
by use of Figure 5. By successively com- 
bining months, the equivalent tempera- 
ture for the complete year may be ob- 
tained with accuracy, without making 
assumptions as to the variation of the 
average monthly temperatures through- 
out the year. 


SOURCE OF DATA 


The most convenient source of tem- 
perature data to be used in calculating 
the equivalent ambient is the annual and 
monthly meteorological summaries of 
the location concerned which can be ob- 
tained in each case from the local weather 
bureau. A list is given in Appendix II 
of the cities which have United States 
Weather Bureaus which issue meteoro- 
logical summaries. In addition, weather 
bureaus can furnish certain specific data 
on request. An example of such data is 
the greatest daily range in temperature 
which has ever occurred during a given 
month since an early date. 


Recommended Rules for Calculating 
Equivalent Ambient 


1. The daily correction is read from curve 
A, Figure 3 or 4, corresponding to the value 
of the greatest recorded daily range in tem- 
peratures for the month. 


2. The monthly correction is read from 
curve A, Figure 3 or 4, corresponding to the 
greatest recorded range of daily mean tem- 
peratures for the month. (See appendix for 
approximations.) 


3. The equivalent monthly temperature 
equals the maximum mean temperature for 
the month considered, for any year plus the 
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using the curves of Figure 5 and subtracting 
the correction ‘of Figure 5 from the higher 
equivalent ambient monthly temperature. 


APPLICATION OF RULES FOR CALCULATION 
OF EQUIVALENT AMBIENT 


Table I shows how these rules may be 
applied to calculating equivalent ambient 
temperature by their application to the 
Philadelphia district. The data were ob- 
tained from the local weather bureau. 
The first three lines of Table I contain 
data obtained from the weather bureau 
in Philadelphia. The fourth and fifth 
lines are the daily and monthly correc- 
tions from Figure 4 corresponding to the 
temperature ranges in lines 1 and 2, 
respectively. The equivalent ambient 
(degrees Fahrenheit) is the sum of the 
preceding three lines. The equivalent 
ambient in degrees Fahrenheit is con- 
verted into degrees centigrade. In the 
following lines, the months are combined 
into longer periods, using the curves of 
Figure 5. The period considered is rep- 
resented by the arrows. The equiva- 
lent yearly ambient is 21.9 degrees centi- 
grade According to the modification of 
the American Standards Association rule, 
a transformer can carry 30—21.9 or 8.1 
per cent additional load continuously 
in this locality; that is, a load of 108 per 
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Figure 6. Typical variation of ambient tem- 
perature during 24-hour period 
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of the safe load curves may be used. That 
is, any curve has the same loss of life as 
any other curve, but it is not permissible 
to use part of one curve for a portion of 
the year and part of another curve for 
another portion of the year. It is, of 
course, permissible to divide the per- 
missible load curves into blocks of un- 
even periods of time, as is shown by curve 
C of Figure 12. This is accomplished by 
the use of the curves of Figure 5 in con- 
nection with the equivalent monthly 
ambient temperatures. 

Example. Assume the maximum 
kilovolt-amperes of load curve B of 
Figure 12 is 8,000 at 80 per cent daily 


cent of the name-plate rating. This is 
shown by curve C of Figure 11. Curves 
A and B are determined similarly. 


APPLICATION OF EQUIVALENT AMBIENTS 
TO Loap CURVES 


Any yearly load curve can be plotted 
in per cent of the maximum load as shown 
by Figure 12, curve B. By plotting the 
permissible load for the same periods of 
time as the load blocks on the same scale, 
an indication will be obtained as to which 
curve best fits the load scale. In some 
cases a recombination of curves will allow 
the load curve to be approached more 
closely. It should be noted that only one 


Table Il. Equivalent Ambient Temperatures (Degrees Centigrade) for Warious Localities 
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Figure 8. Comparison of assumed straight 
_ lines with ideal sine waves for variation during 


a monthly period throughout the year 


load factor. The location is Philadelphia. 
The correction for load factor is six per 


- cent according to the interim report on 


transformer overloading and its effect is 


~ considered separately. Curves A and C 


are calculated as shown on Table I. If 
the unit is loaded by curve A, it will be 
noted that curves A and B are closest 
from January to April. Consequently, 
the transformer kilovolt-amperes  re- 
quired will be 

8,000 =7,400 kv. 

1.08 — - 

If curve C is used, the transformer 
kilovolt-amperes required is 8,000/1.13= 
7,070 kva. An examination of Table I 
shows that the equivalent ambient for 
November and December is lower than 
for the critical period, January to 
May. Consequently, greater overloads 
can be carried during the critical period 
if November and December are added to 
the block of the critical period to obtain 
curve D of Figure 12. If curve D is used, 
the transformer kilovolt-amperes required 
is 
8,000 


—— =7,020 kva 
1,14 


The ordinates of curve B’ are equal to the 


ordinates of curve B multiplied by 8,000/ 


7,020. Astill further correction of six per 
cent can be made for the load factor so 
that the transformer kilovolt-amperes 
required = 


That is, 6,620 transformer kilovolt-am- 
peres is required to supply a maximum 
load of 8,000 kva, which varies during 
the year in accordance with load curve 
B with an 80 per cent daily load factor. 


EQUIVALENT AMBIENT TEMPERATURES 
FOR VARIOUS LOCALITIES 


Table II shows calculated values of 
monthly and annual equivalent ambient 
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Figure 9. Typical -variation of daily mean 


temperatures during a month arranged in the 
order of magnitude for four different months 


The straight lines are drawn through the 
maximum and the mean temperature points 


temperatures for various localities in the 
United States. These values can be used 
for calculating permissible overloads for 
transformers. 

By reference to this table, it will be 
noted that there is much greater varia- 
tion in winter monthly ambient tempera- 
tures among localities than there is varia- 
tion in the annual ambient temperatures 
or summer ambient temperatures. For 
example, during January the variation is 
from two degrees centigrade for Minne- 
apolis to 25 degrees centigrade for Dallas, 
compared to an annual variation of from 
20 degrees centigrade for Boston to 31 
degrees centigrade for Phoenix. During 
July the variation is only from 28 degrees 
centigrade for Boston to 39 degrees centi- 
grade for Phoenix and 33 degrees centi- 
grade for Dallas. By the eight-degree 
rule, the higher temperatures which 
occur have a much greater effect on the 
value of the equivalent ambient than the 
lower temperatures. The variation a- 
mong localities of the highest tempera- 
tures is less than the variation among 
localities of the lowest temperatures. 
Consequently, the greatest variation 
among localities in safe loads will be dur- 
ing the winter months, not during the 
summer nor on an annual basis. 

These facts, in combination with the 
example in Table I, illustrate the value 
of using monthly equivalent ambient 
temperatures in combination with a 
yearly load curve for obtaining maximum 
output from a given transformer. 


AccuRACY OF METHOD 


The greatest values ever recorded have 
been used for monthly mean tempera- 
tures, monthly range in temperatures, 
and daily range in temperatures. Typi- 
cally shaped curves for the manner of 
variation of temperature with time have 
been used. The eight-degree rule has 
been assumed for the variation of the life 
of insulation. The life base used is that 
of a transformer operated continuously 
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Figure 10. Nontypical variation of daily 
mean temperature during a month 
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Safe overload curves for Phila- 
delphia 


Figure 11. 


Curve A—Monthly curve 
Curve B—Curve in four month blocks 
Curve C—Constant load curve 


at full load and 380 degrees centigrade 
ambient. 

For most years the actual values of 
every one of the factors of mean tempera- 
ture and ranges will be less than the 
values assumed. In addition, if one factor 
is low, it will tend to compensate for 
higher values of other factors. Con- 
sequently, the loss of life in nearly all 
years will be considerably less than the 
assumed value. The fact that low loss of 
life in one year will offset a high loss of 
life in another year provides an additional 
factor of safety. Such conservative rela- 
tions are desirable, since, if the equivalent 
ambient is to be safe for any year, it must 
be safe for the worst year which is liable to 
occur. 

It is, of course, possible to have an 
unusual combination of mean tempera- 
ture, temperature ranges, and shape of 
variation curves such as to produce a 
higher loss of life in a month than the base 
value, but such an occurrence is extremely 
unlikely. However, should such a com- 
bination occur, its effect will be to ex- 
ceed the base by only a small amount and 
very infrequently, and therefore it can be 
considered in the same class as an emer- 
gency overload. 

The eight-degree rule has been found 
to be approximately correct by several 
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PER CENT KVA 


Figure 12. Determination of permissible 
overload for a given load curve 


Curve A—Permissible constant load curve 


Curve B —Actual load curve in per cent of 
maximum load 


Curve B\—Actual load curve in per cent of 
transformer kilovolt-amperes 


Curve C—Permissible load curve 


Curve D—Permissible load curve 


independent investigators at various 
times, and indications are that a five- 
degree rule or a lower-temperature rule 
than eight degrees centigrade is unduly 
pessimistic for a transformer which has 
its insulation in good condition. 


Conclusions 


1. The use of equivalent ambient tempera- 
tures permits the load capacity of trans- 
formers to be utilized more fully, so that 
greater loads may be carried on present 
transformers, or so that smaller transformers 
may be secured for a given load. 


2. The equivalent ambient temperature 
ean be calculated from the records of the 
local weather bureau, as the monthly mean 
temperature plus a correction for daily 
range in temperature plus a correction for 
a monthly range in temperature. 


8. Values of equivalent ambient tempera- 
tures which permit overloads to be carried 
with demonstrable safety can be obtained. 


4, The rules given in the text permit the 
determination of the equivalent ambient 
temperatures and corresponding overloads 
with a limited amount of calculation. 


5. The monthly equivalent ambient tem- 
peratures for each month of the year and 
combinations of them are more generally 
useful than the annual equivalent ambient 
for determining permissible overloads on 
transformers. 


Appendix |. Effect of the Thermal 
Capacity of a Transformer in Modi- 
fying Daily Temperature Variation 


In the portion of the heat circuit shown 
in Figure 13, heat is assumed to be flowing 
from point A to point B through the heat- 
resistive material (shown shaded) with a 
resistance R where R equals the temperature 
difference required to cause one watt of 
power to flow through the thermal circuit 
under steady conditions. Let the thermal 
capacity be K, where K is the watt-hours 
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per degree centigrade thermal capacity of 
the body considered. Let W equal the watts 
heat flow from A to B, t=time and Tr= 
the temperature difference between A and 
C. In this circuit the energy flowing in 
time dt is equal to Wdt, and the heat ab- 
sorbed is equal to the thermal capacity 
times the change in temperature or KdT;. 
(T,= temperature drop across K.) Since 
all the heat is absorbed, the heat flowing 
equals the heat absorbed or 


Wdt=KdT, 
Solving for 7;, 


i 
Tr,=— J Wat 
iS 


The temperature drop across the resistance 
R is equal to RW. Therefore, the total 
temperature drop in the circuit is equal to 


1 
Bees Lays JS Wat 


The equation of an electric circuit containing 
resistance and capacitance only is given as 
follows: 


1 
=F ef dt 
e es) 


By inspection, it is evident that 7 in the 
equation corresponds to e, R corresponds to 
r, W corresponds to J, and K corresponds to 
C. Itis evident that thermal capacity bears 
the same relation to the heat circuit that the 
electrical capacity has in the electric circuit. 


R 


—wiw |} 


> 
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HEAT CIRCUIT ELECTRIC CIRCUIT 


Figure 13. Heat circuit and analogous elec- 
tric circuit 


The reactance to heat flow=X, and, by 
analogy to the electric circuit, is equal to 
1/2nfK, where f=the frequency. For a 
typical transformer with a 45 degrees centi- 
grade oil rise for continuous operation, a 
thermal time constant of three hours, and a 
watts loss of W, the resistance to heat flow 
in the circuit, R=45/W. 

Normally, the ambient temperature of a 
transformer varies according to a daily 
cycle with a high point during the day and 
a minimum during the night, according to a 
sine law with sometimes superimposed 
higher-frequency variations (Figure 4). 
Consequently, f can be assumed to be=1/24 
cycles per hour. 

The thermal time constant is the time re- 
quired to reach the ultimate temperature, 
if all heat were absorbed by the thermal 
capacity of the transformer. Consequently, 
for a typical transformer when the thermal 
time constant is 3, the value of 


__Wx3_W 
1459 sie 
1 1 
are 180 
OnfK W «cW 
ae X= a1 me 
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The temperature rise of the transformer 
is equal to the thermal drop across X. Con- 
sequently, the proportion of the total tem- 
perature which appears as the temperature 
rise of the transformer is equal to the sine 
of the angle, the tangent of which=X/R= 
1.27. The sine of the angle =0.79. That 
is, for a typical transformer the variation 
in temperature of the transformer due to 
daily variation in the ambient temperature 
is 80 per cent of the ambient variation. 


Appendix Il. Locations of Gov- 
ernment Weather Bureaus from 
Which Meteorological Summaries 


May Be Obtained 


ALABAMA KANSAS 
Birmingham Concordia 
Mobile Dodge City 
Montgomery Kansas City 

Topeka 

ARIZONA Wichita 
Flagstaff 
Phoenix KENTUCKY 
Yuma Louisville 

ARKANSAS Pikeville 
Fort Smith LOUISIANA 
Little Rock New Orleane 

CALIFORNIA Shreveport 
kis MAINE 

resno 
Los Angeles Eastport 
Redding Portland 
Sacramento 
San Diego MASSACHUSETTS 
San Francisco Boston 

COLORADO MICHIGAN 
Denver Alpena 
Grand Junction Detroit 
Pueblo Escanaba 

Grand Rapids 

CONNECTICUT Houghton 
Hartford Marquette 

DELAWARE MINNESOTA 
Delaware Breakwater Duluth 

DISTRICT OF Minneapolis 
Sei MISSISSIPPI 
Washington Mendan 

FLORIDA Vicksburg 
Apalachicola MISSOURI 
Jacksonville A 
Key West Columbia 
Miami Kansas City 
Tanips St. Joseph 

St. Louis 

GEORGIA Springfield 
Atlanta 
Augiate MONTANA 
Macon Billings 
Savannah Havre 

Helena 

IDAHO Kalispell 
Boise Miles City 
Pocatello 

NEBRASKA 

SENOS leineot 
Chicago North Platte 
Peoria Omaha 
Springfield Valentine 

INDIANA NEVADA 
Evansville Reno 
Fort Wayne 
Indianapolis donovan 

53 Winnemucca 

IOWA 

: NEW HAMPSHIRE 
Charles City 
Davenport Concord 
Des Moines 
Dubuque NEW JERSEY 
Sioux City Atlantic City 
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_ TENNESSEE 


Chattanooga 
‘ Knoxville 
Nashville 
TEXAS 
Abilene 
Amarillo 
Austin 
Brownsville 
Corpus Christi 
Del Rio 
; - Dallas 
* \sheville El Paso 
Charlotte Fort Worth 
Galveston 
Houston 
San Antonio 
UTAH 
Devils Lake Salt Lake City 
Fargo 
— Williston VERMONT 
Burlington 
~ Cincinnati VIRGINIA 
Cleveland Lynchb 
Columbus Norfolk 
Toledo Richmond 
OKLAHOMA WASHINGTON 
Oklahoma City Seattle 
Spokane 
ON Walla Walla 
Portland 
Roseburg WEST VIRGINIA 
PENNSYLVANIA <atembin 
; Charleston 
Erie 
Harrisburg WISCONSIN 
Philadelphia Green Bay 
Pittsburgh La Crosse 
Madison 
SOUTH CAROLINA Mateatiee 
Columbia 
Charleston WYOMING 
Cheyenne 
SOUTH DAKOTA Lander 
Huron Sheridan 
Rapid City Yellowstone Park 
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Appendix III 


In many cases local weather bureaus have 
compiled from their records values of the 
greatest range in daily mean temperature 
during each month in any one year. When 
this figure is not available, some other ap- 
proximation of the monthly range may be 
used in its place. One convenient base for 
such an estimate is the greatest daily range 
ever recorded during the month. An exami- 
nation of temperature records will show that 
the greatest range in monthly mean tem- 
perature is approximately the same as the 
greatest recorded daily range for the month. 
The correlation is not accidental. If the 
phenomena concerned are investigated, it 
will be apparent that large daily changes 
are due to changes in the wind direction 
from a cooler region to a warmer region or 
vice versa combined with the effect of sun- 
shine and precipitation, both factors being 
reduced in effect by the thermal capacity of 
the earth. Monthly variations are due to 
the same causes, and a correlation between 
the variation of daily mean temperature 
during the month and the maximum varia- 
tion of temperatures during the day would 
be expected. For calculation several altern- 
atives are possible: 1. To assume that 
the monthly range of daily mean tempera- 
ture is equal to the greatest daily range for 
that month. 2. More conservatively, the 
monthly range may be assumed to be equal 
to the greatest daily range ever recorded 
for that locality. Still another approxima- 
tion for the monthly range may be based on 
the greatest daily mean temperature ever 
recorded in that month and the greatest 


monthly mean temperature ever recorded 
for that month. Twice the difference of 
these two values may be used as the value 
of the monthly variation. 

It is obvious that the value of the 
equivalent ambient temperature obtained 
will be different, depending upon which 
one of these approximations is used. How- 
ever, the difference will not be great, and 
the overloads obtained will be reasonably 
safe. The more conservative the figure 
used for the monthly variation, the less fre- 
quent will be overloads combined with 
ambient temperatures which must be classed 
as emergency conditions. The life of the 
transformer will be prolonged if emergency 
conditions occur with less frequency. The 
safest practice is, of course, to use the most 
conservative of the methods in cases where 
data for different methods are available. 
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Wood-Pole 930-Ky Transmission Lines 


O. S. CLARK 


MEMBER AIEE 


TEEL has been comparatively cheap 
in the United States and, until re- 
cently, available in quantity. Conse- 
quently the use of steel structures for 
supporting the higher-voltage transmis- 
sion lines has been favored by transmis- 
sion engineers. However, since conserva- 
tion of critical materials has become nec- 
essary, it is essential that designs incor- 
porating wood construction be considered 
for such applications. A contribution to 
efforts in this direction is provided by a 
review of the design used for single-circuit 
wood-pole 230-ky transmission lines re- 
cently constructed to supply power to 
an important industrial area. 

Early in 1942 plans for this project, in- 
cluding steel-tower designs, had been 
completed, and materials were about to 
be ordered when restrictions regarding the 
use of steel became effective. Subse- 
quently, the project was redesigned for 
wood-pole construction, and the entire 
project consisting of 158 miles of single- 
circuit 230-kv line was completed and 
placed in operation 51/2 months later. 

The decision to use wood construction 
precipitated a hasty review of previous 
experience with such designs. It was 
found that wood-pole construction had 
been used in Sweden for 230-kv operation 
with satisfactory results. However, de- 
tailed information regarding these lines 
was not available. These lines are the 
longest wood-pole lines built in the 
United States for 230-kv operation and 
the only ones for which wood has been 
used for all structures and all types of 
structures. 


Design Premises 


Conventional designs for transmission 
lines operating at lower voltages were 
available, and many had been proved 
satisfactory over long periods of operation. 
The general form of the two-pole H-frame 
structure appeared acceptable, though it 
was found that the problem of design was 
increased greatly because of increased in- 
sulation and conductor-clearance require- 
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tation at the AIEE national technical meeting, 
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ments, greater mechanical loads caused 
by the increased conductor diameters, 
and correspondingly increased ice and 
transverse wind loads. It was intended 
that the lines should be designed to oper- 
ate with a high degree of reliability and 
that high factors of safety should be em- 
ployed in consideration of the importance 
of the connected load and the complete 
lack of previous experience with wood- 
pole construction for 230-kv operation. 
To attain high electrical reliability, ad- 
vantage was taken of the insulating 
value of the wood supporting members in 
the paths between conductors and ground. 
Suspension insulator strings of 15 53/4 
inch units were provided, and these were 
supported through large metallic sur- 
faces in order to distribute leakage cur- 
rents. Experimental data regarding the 
minimum insulation required for 230-kv 
operation to prevent digestion and burn- 
ing of crossarm material were not avail- 
able. Operating records of lower-voltage 
wood-pole lines with proportionately less 
porcelain insulation indicate that the 
number of insulator units selected for 
these lines will assure satisfactory per- 
formance. 

The impulse flashover voltage (11/ox 
40-microsecond negative wave) of a 15- 
unit insulator string is 1,345 kv, which is 
the flashover voltage of a rod gap of 76 
inches. The minimum clearance of the 
conductor from the pole ground wire was 
maintained at 86 inches. This value of 
minimum clearance permitted a maxi- 
mum conductor displacement of 37.5 de- 
grees from vertical. Minimum clearance 
to crossarms and other wooden members 
was 76 inches, For determinations of 
maximum conductor displacement, a 
wind pressure of eight pounds per square 
foot on bare conductor was assumed. 


Crossarm Design 


The length of crossarm required to 
maintain clearance desired under these 
conditions was 50 feet, which length pro- 
vided a conductor separation of 24 feet. 
Each crossarm consisted of 3- by 12-inch 
timbers, two 28-foot lengths and two 22- 
foot lengths, spliced at the center by 
means of a block 10 feet long and 12 by 
7*/« inches in cross section. A lapped 
joint was designed using bolts and split- 
ring timber connectors between surfaces 
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in contact. Blocks of similar dimensions 
except four feet in length, were installed 
between the 3- by 12-inch members at 
the ends of the crossarm, also by means 
of bolts and timber connectors. These 
blocks served to increase greatly the 
strength of the arm in the longitudinal | 
direction. 


Conductors 


Hollow copper conductors of 500,000 
circular mils cross section, 1.1 inches in 
diameter, were installed. The conduc- 
tor loading assumed was one-half inch 
radial ice with an eight-pound wind at 
zero degrees Fahrenheit. The maximum 
tension under this loading condition is 
9,000 pounds or 41.5 per cent of the ulti- 
mate strength. Two overhead ground 
wires, each consisting of three number 5 
extra-high-strength copper-covered steel 
strands, were installed and located so as 
to provide 30-degree angles of protection 
for each conductor. The maximum ten- 
sion of overhead ground conductors is 
4,300 pounds or 36 per cent of the ulti- 
mate strength. 


Structure Design 


To meet National Electric Safety Code 
requirements for grade-B construction 
and to provide sufficient strength for 
spans of reasonable length, class-2 poles 
were specified and installed. Poles 65 
feet in length were required in order to 
provide level ground spans of 520 feet 
and the desired final clearances of con- 
ductors to ground of 32 feet at 60 degrees 
Fahrenheit. The pole-market situation 
early in 1942, however, was such that 65- 
foot poles were not available in the neces- 
sary quantities, though relatively greater 
quantities of 60-foot class-2 western-red- 
cedar, southern-pine, and Douglas-fir 
poles were available for early shipment. 
Poles 60 feet in length were purchased and 
were made to serve the purposes of 65-foot 
poles by installing latticed steel-chan- 
nel extensions on the tops of each of the 
poles of the two-pole structures. 

The top of the steel-pole extension and 
the end of the crossarm were connected 
through a tension member, and the tops 
of the extensions were in turn tied to- 
gether by means of one-half-inch Siemens- 
Martin strand. Formed channel bayo- 
nets were bolted to the steel-pole exten- 
sions to support the overhead ground. 
wires. 

The structure was strengthened by 
means of a K-brace assembly consisting of 
3- by 10-inch timbers and 3- by 6-inch 
timbers, and an X-brace consisting of two 
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one-half-inch Siemens-Martin strands in 
the lower section. Each joint was care- 
fully designed and assembled with bolts 
and timber connectors in an effort to at- 
tain complete rigidity of the structure in 
the direction of transverse wind loads. 


Structure Types 


Two circuits were built on a single 
right of way 250 feet in width, and center 
lines of structures of the two circuits were 
spaced 100 feet. Guying was so arranged 
that all guy stub poles and anchors were 
within the limits of the right of way. 

The type-A tangent structure, shown 
in Figure 1, was installed at all normal 
tangent positions in the line and for 
small angle positions, guyed and unguyed, 
depending upon the angles of the line. 
The maximum angle with which this type 
of structure could be used was approxi- 
mately three degrees The point of 
minimum strength in the type-A struc- 


Figure 2. Type-B angle structure 
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ture is at the upper point of connection of 
the K-brace to the pole. For this reason, 
additional strength could not be obtained 
by guying from this point or from points 
lower on the structures. Therefore, guy- 
ing at slight angles was accomplished by 
connecting to the end of the crossarm 
and extending the guy horizontally to a 
stub pole, then to the anchor connection 
at the usual angle. A wood strain insula- 
tor was installed in the horizontal guy be- 
tween the crossarm and the stub pole in 
order to maintain the insulation level of 
the line. To provide transverse support 
for the overhead ground wires, a second 
guy was connected to the overhead 
ground-wire attachment on the bayonet. 
The two bayonets were connected hori- 
zontally by means of one-half-inch Sie- 
mens-Martin strand. Since pole ground 
wires were not installed on poles of guyed 
structures of any type, the overhead 
ground wires were connected to earth at 
such structure locations by means of the 
guy strands and anchor rods. Guys for 
type-A structures were installed on one 
side for small angles in the line and, simi- 
larly, on both sides for structures sup- 
porting long spans. 

The type-B structure, shown in Figure 
2, is a variant of the type A in that the 
crossarm was offset two feet, and angle 
brackets were added in order to provide 
desired conductor clearances at angles in 
the line up to approximately eight de- 
grees. Type-A structures were guyed 
also in the same manner as shown in this 
illustration. In relatively level sections 
of the right of way type-A and type-B 
structures were assembled on the ground 
and erected by means of special equip- 
ment shown in Figure 6. In rugged and 
hilly sections the use of this equipment 
was not feasible or economical. In these 
sections arms, braces, and all fittings 
were installed by means of hoisting 
equipment after poles had been installed. 

The type-C structure, shown in Figure 
3, is a braced and guyed angle suspension 
structure and was installed at positions 
where the line angle was between approxt- 
mately 8 degrees and 25 degrees. The 
type-C structure is conventional, though 
enlarged for 230-kv operation, except 
that 12,000-pound wood strain insulators 
were installed as tension members to 
transmit overturning stresses from the 
tops of the unguyed poles to the guys. 

Dead-end structures, referred to as 
type D, and shown in Figure 4, were in- 
stalled for long spans, at line terminals, 
and at locations where the line angle ex- 
ceeded approximately 25 degrees. At 
angle positions guys of sufficient strength 
to withstand maximum tensions of con- 
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Figure 3. Type-C angle structure 


ductors and overhead ground wires were 
installed on both sides of the structures 
and in line with conductors and overhead 
ground wires, except that the overhead 
ground wire inside the angle at such posi- 
tions was installed in suspension and 
held in place by one guy to the top of the 
guyed pole at the opposite side of the 
structure. This was done to avoid the 
use of stub poles and overhead guys. At 
tangent locations conductors were guyed 
in the same manner. In order to maintain 
clearances between conductors and over- 
head ground-wire guys at tangent loca- 
tions, guys were installed in vertical 
planes displaced 45 degrees from the 
vertical planes of the conductors, and 
pole tops were connected together by 
means of one-half-inch Siemens-Martin 
strand in order to balance guying stresses. 
Two sets of transposition structures 
were installed in each circuit to provide 
one complete barrel to balance the elec- 
trical characteristics of the three phases. 
Type-F structures were installed for this 
purpose, and are as shown in Figure 5. 
At two locations it was necessary to 
cross high-voltage tower transmission 


‘lines of the power company operating in 


the area in which these lines were built. 
Crossing spans were supported in each 
case by type-A structures using 100-, 


Figure 4. Type-D dead-end structure 
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Figure 5. Type-F transposition structure 


105-, and 110-foot pine poles. These 
structures were supported in all direc- 
tions by means of sets of guys attached 
at the level of the horizontal braces and 
at points midway between these attach- 
ments and ground. Two spans away in 
each direction from the crossing spans, 
dead-end structures of normal height were 
installed, conductor heights having been 
graded down by the installation of poles of 
moderate lengths for the intermediate 
structures. 

Guyed structures were installed as re- 
quired by the rugged terrain and may be 
round at frequent intervals. Storm 
guyed and stabilizing structures as such 
were not used. The longitudinal strength 
of the assembled arm used in the type-A 
structure is such as to equal the unguyed 
strength of the supporting poles. The 
effect of one broken conductor is to deflect 
torsionally the whole structure, which de- 
flection is resisted and limited by the re- 
maining unbroken conductors and over- 
head ground wires. The overhead 
ground-wire bayonets bend under this 
condition, and the tops of the suspension 
insulator strings, moving, permit rotation 
of the crossarm in the horizontal plane. 
The conductor tension on the side of the 
structure opposite the break is relieved as 
well by the displacement of the insulator 
string, approximately eight feet in length, 
attached to the broken conductor. 


Grounding 
Overhead ground wires were connected 
to earth at all unguyed structures by 


means of pole ground wires and helical 
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coils installed on each pole of the struc- 
tures. Pole ground wires and helices were 
installed on every guy stub pole, and 
overhead ground wires were connected to 
earth through guy strands and these pole 
ground wires. Where stub poles were not 
required, the overhead ground wires were 
connected to earth by means of guy 
strands and anchor rods. Helical-coil 
grounds were installed on the butts of all 
poles, and, where pole ground wires were 
not installed, grounding conductors were 
extended from the butts of the poles to 
within a few inches below the ground line. 
Time did not permit the installation of an 
adequate grounding system during the 
construction period, though ground coils 
were installed for use as parts of that sys- 
tem, to be installed later. Wood strain 
insulators were installed in all conductor 
guys. The ungrounded ends of all these 
guys and all adjacent hardware were se- 
curely bonded to the insulator attach- 
ments to prevent possible charring of 
wood and radio interference. 


Counterpoise 


During the construction period and 
before the conductors and overhead 
ground wires were installed, resistances to 
earth of type-A-structure ground installa- 
tions were measured. In this way a com- 
plete survey was made of ground resist- 
ances throughout the whole length of the 
line. A counterpoise system based upon 
this survey was designed and installed 
immediately following completion of the 
overhead construction. 

In sections of the line where resistances 
were 30 ohms or less, no counterpoise 
conductors were installed. In sections 
where ground resistances were highest, 
approximately 750 ohms, four conductors 
were installed along the right of way and 
parallel to its center line. Counterpoise 
systems of three, two, and one conductor, 
according to measured resistances, were 
installed in other sections of the line. 
Solid galvanized-iron conductors of size 
5 Birmingham gauge were buried by 
means of cable-laying plows to depths of 
18 inches. Cross connections were in- 
stalled to connect together all counter- 
poise conductors and all existing structure 
ground installations. 

At all dead-end and guyed structures, 
all grounds, which included anchor rods 
and helical-coil grounds were connected 
together to form special low-resistance 
grids, which were, in turn, connected to 
the counterpoise conductors by means of 
cross connections. The entire overhead 
ground-wire system then had been con- 
nected to the counterpoise system by 
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Table I. Design Data 
—EE—— 


Type of construction..... Single-circuit wood pole 
; braced, H-frame with 
bayonet extensions 


Operating voltage (de- 


S1gTl) sete c mr Ream OO KY 
Total miles ofline....... .158 
Right of way width..... . 250 feet 
Horizontal separation 

between center lines 

of circuits on same 

LiShto1 Way see wee 100 feet 
Level ground span ......520 feet 
Average span...........500 feet 
Maximum span........ .1,300 feet 
Poles (kind and class)....Southern yellow pine, 


western red cedar, and 
Douglas fir, Class 2 


Treatment.............. Western red cedar, butts - 


only; others, 8 pounds 
full pressure creosote 


Normal polelength...... 60 feet 
Conductor and pole 
Separations... cieue 24 feet 
Crossarms =, aiacretr sere elete Fir timbers, spliced, 50 
feet over-all 
Pole ground wires........ Solid copper number 4 


American wire gauge 
Minimum ground clear- 


Solel Wr ire AC roi 32 feet 
Minimum clearance to 
StOUCture iissaibie atuisiesoias 86 inches, 76 inches to 
wood members 
Loading class.) ape National Electrical 


Safety Code, Fourth 
Edition—heavy 

Condictors') 3... aes eee Hollow design, 1.1 inches 
diameter, 500,000 cir- 
cular mils 

Overhead ground wires... Three number 5 copper- 
covered steel strand 30 
per cent conductivity 


Conductor tension. .9,000 pounds (41.5 per 
(maximum) cent of ultimate 
strength) 


Ground-wire tension. .4,300 pounds (36 per cent 
(maximum) of ultimate strength) 
[nsilators, een ete Spaced 53/,inches, 15,000 
pounds combined me- 
chanical and electrical 


strength 
Suspension insulator 
assemblies. 45). 22s ele Single strings, 15 units 
Strain insulator 
assemblies! am. eee Double strings, 17 units 
Counterpoise....c cele One to four conductors as 
required 
Counterpoise conduc-..Solid galvanized iron 
tors 0.22-inch diameter 
Line construction 
Started 0 ..ocn sa oe os February 15, 1942 
Line construction com- 
PlECed Ake esc cher ce rete July 3, 1942 
Counterpoise installa- 
tion completed........ November 20, 1942 


means of pole ground wires of the unguyed 
structures and the overhead ground-wire 
guys of the guyed structures. 


Total Insulation 


The normal impulse flashover voltage 
(11/2x40-microsecond negative wave) of 
conductors to ground of all suspension 
structures is 2,425 kv, which insulation is 
obtained by means of 15 suspension in- 
sulators spaced 53/, inches and a wood 
strain insulator equipped with a flash 
gap of five feet, in series between con- 
ductor and ground. The impulse flash- 


over voltage from conductors to pole 


ground wires through air is also 2,425 kv 
approximately. Under conditions of ex- 
treme conductor displacement and mini- 
mum clearance the impulse flashover 
voltage to ground of these structures is 
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1,500 kv. Impulse level of dead-end 
structures was raised to 2,620 kv by instal- 
lation of two additional insulator units. 

Ground-resistance measurements have 
not been made since the counterpoise 
installation was completed, though it is 
believed that the resistance to ground 
of any two adjacent span sections of the 
counterpoise system is not more than 30 
ohms. Under conditions of minimum 
clearance of conductors to ground, cur- 
rents of 50,000 amperes through the struc- 
ture would be required to cause flashovers. 
Under normal conditions currents of 
80,000 amperes would be required to pro- 
duce flashover conditions. Less than one 
interruption per 100 miles of circuit per 
year is expected. 


Conclusion 


Circumstances which included an un- 
favorable season for outdoor construc- 
tion and an extremely short construction 
schedule did not favor economical con- 
struction. Construction costs of these 
lines are not indicative of results that can 
be obtained under normal conditions. It 
is believed, however, that favorable costs 
can be obtained with wood construction 
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Figure 6. Special |) 
erection equipment 


for single-circuit 230-kv lines, though 
proof of this is not available at this time. 

Time required for a thorough engineer- 
ing study of the subject of 230-kv wood- 
pole line design was not available. The 
primary objective was to build a work- 
able line within the shortest possible 
time and under circumstances which were 
adverse in many respects. Engineering 
studies, continued since construction 
work has been completed, suggest changes 
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in details but indicate that the fundamen- 
tal design is correct. 

_ Wood construction for 230-kv trans- 
mission lines appears to be as practicable 


as for lower-voltage lines. Though steel 
may be available for construction of fu- 
ture 230-kv lines, it is believed that, in 
the interest of economy and improved 
operation, consideration should be given 
and further studies made regarding the 
use of wood supporting structures. 
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Switching Overvoltage Hazard Eliminated 
in High-Voltage Oil Circuit Breakers 


LLOYD F. HUNT 


FELLOW AIEE 


Synopsis: High-voltage transmission lines, 
when de-energized by conventional oil cir- 
cuit breakers, are often subjected to high- 
voltage surges which present a real hazard 
to terminal equipment. The mechanism of 
surge generation is initiated by circuit- 
breaker restriking phenomena which are 
encouraged by the interruption of the large 
leading currents required to charge moder- 
ate and high-voltage lines. By interposing 
suitable resistors across the interrupting 
elements during the opening stroke of the 
breaker, the switching overvoltages may be 
either eliminated by preventing restriking 
or so reduced in magnitude in the event of 
restriking that the system is relieved of their 
hazard. The development of this achieve- 
ment is presented chronologically: 


1. Theoretical considerations 

2. Transient-analyzer studies 

3. Power-laboratory switching tests 

4. Actual field tests on the 220-kv lines of Southern 
California Edison Company Ltd. at Boulder power 
plant 


T has been recognized for many years 

that some of the most severe switch- 
ing surges encountered in the field are 
those which attend the interruption of 
line charging current. Tests on miniature 
systems have indicated that transient 
voltages of the order of six or seven times 
normal line-to-neutral crest may be ob- 
tained during such switching,'~* Field 
data, in general, substantiate such pre- 
dictions. 

In this paper a specific problem of high 
transient switching voltages on the 220-kv 
lines of the Southern California Edison 
Company Ltd. is discussed. The particu- 
lar line which was being subjected to 
these overvoltages was initially operated 
as a single line with three ground-fault 
neutralizer coils located at Boulder 
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power plant, at Barre substation, and 
at Chino substation.4 At the present 
time another line is in service, and both 
lines are normally bussed at Boulder 
power plant and operated as part of the 
extensive 220-kv solidly grounded sys- 
tem. After diagnosing the symptoms 
from a theoretical standpoint, a complete 
analysis was made, using the transient 
analyzer to determine the possible magni- 
tudes of switching overvoltages under 
various possible system-operating condi- 
tions. Various means of subduing these 
overvoltages were carefully considered, 
drawing on experience in related fields, 
and it was concluded that equipping the 
circuit breakers with internal resistors 
of the proper ohmic value afforded the 
best solution. 

The paper presents the story of this 
development starting from theoretical 
considerations. Some results of analyti- 
cal studies are presented as well as power- 
laboratory test results. A large portion 
of the paper is devoted to the field testing 
at Boulder power plant and interpreting 
the results obtained. 

The effectiveness of the method de- 
scribed in controlling the switching over- 
voltage hazard is significant, not only 
from the circuit breaker standpoint, but 
from the arrester, relaying, and over-all 
system-operating standpoint as well, 
since lines and terminal equipment are 
freed from the possibility of being sub- 
jected to destructive switching over- 
voltages, regardless of the method of 
system neutral grounding. 


Conclusions 


1. Transient overvoltages due to switching 
can be reduced to harmless values by equip- 
ping the circuit-breaker interrupters with 
internal resistors of the proper ohmic value 
(see Figure 11). 


2, While it has been previously recom- 
mended that the ground-fault neutralizer 
be short-circuited during switching opera- 
tions at these high operating voltages, 
these tests show conclusively that this short- 
circuiting operation is not necessary when 
the breaker is equipped with such resistors. 


3. From the standpoint of the magnitude 
of switching overvoltages, it makes no prac- 
tical difference whether the system is in 
tune with the neutral reactance or not when 
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switching is done by means of breakers 
equipped with such resistors. 


4. Holding the transient switching volt- 
ages to moderate levels reduces the arrester 
duty to that of discharging lightning surges 
alone, thus minimizing arrester operations. 


5. When interrupting fault currents, oil cir- 
cuit breakers equipped with such resistors 
experience reduced power arcing as a result 
of the reduced rate of rise of recovery volt- 
age (see Figure 8), 


6. The major results of the tests at Boulder 
power plant confirm earlier conclusions 
reached through theoretical approach fol- 
lowed by a complete transient-analyzer 
study and power-laboratory tests. 


Theoretical Considerations 


Since the phenomena of the interrup- 
tion of leading (capacitive) currents at 
power-system voltages are encountered 
when de-energizing (1) transmission lines, 
(2) cables, and (3) capacitor banks® (see 
Figure 1), it should prove profitable to 
review the fundamental nature of the 
phenomena in order to grasp a working 
knowledge of the problems. In so doing, 
it will be compared in its essential differ- 
ences with the interruption of lagging 
(inductive) currents of the short circuit. 
Terms and concepts will be revealed in 
this section. The study of this section 
however is not imperative to the knowl- 
edge of the results of the paper. 

From the outset, a group of extremely 
contrasting relations arise. First the 
lagging current of the short circuit deals 
primarily with heavy currents which 
approximate the full interrupting rating 
of the breaker. All leading currents, 
however, are relatively small, and, con- 
sequently, the light current character- 
istics of the breaker are involved. In 
the tank-type oil breakers these differ- 
ences are largely hydraulic, the inter- 
rupters being designed to do their most 
effective work at heavy currents. Hence 
the interruption of any leading currents 
by the tank-type breakers does not profit 
by the insulating characteristic provided 
by the most effective oil-blast action. 
Circuit differences are so great, however, 
that the above features become of second- 
ary importance. 


THE INDUCTIVE INTERRUPTION 


A representative interruption of the 
inductive current is shown in Figure 2. 
Here, following contact separation, at- 
tempts at interruption occur at the first 
two current zeros. Each time the arc 
was rekindled by the rapid rise of re- 
covery voltage across the breaker, ap- 
proaching twice normal crest in a matter 
of microseconds. With the rekindling of 
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Figure 1. Principal circuit conditions which 
may give rise to overvoltages of the type 
described in this paper 


the arc, the accumulated circuit effects are 
completely liquidated at each current 
zero, and the current continues anew, 
as if nothing had happened, to repeat the 
attempt at the next current zero under 
more favorable conditions of contact 
parting and gap insulation. The char- 
acteristic of liquidating all accumulated 
debts at each current zero is a desirable 
property of the inductive circuit. 


THE CAPACITIVE INTERRUPTION?® 


When the first current zero in the arc 
atrives in the passage of a leading current, 
interruption occurs quite easily. This 
comes about since the capacitive load 
retains the instantaneous voltage of the 


source at the instant of current zero, and 


for several hundred microseconds follow- 
ing there is little or no voltage across the 
breaker. The breaker thus mirrors an 
overconfident attitude in its ability to 
interrupt the circuit with the extremely 
small contact separation associated with 
the first current zero in the arc. All 
debts have not been liquidated, however, 
as one-half cycle later (see Figure 3) the 
bus voltage has reversed, and approxi- 
mately double voltage thus appears 
across the breaker. If the breaker passes 
this peak without restriking, as does hap- 
pen at limited kilovolt-amperes (short 
lines), then the confidence is justified, 
and no disturbance occurs. At higher 
kilovolt-amperes, however, when the arc 
develops more disturbance, the short 
arc gap cannot withstand the double 
voltage, and restriking occurs. At the 
time of restriking, the capacitor finds 
itself in the embarrassing position of 
being charged opposite to the desires of 
the bus voltage. In its eagerness to ad- 
just the situation, a flow of current occurs 
which must be limited by the inductance 
of the circuit and, in good oscillatory 
style, permits the voltage to overshoot 
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LONG LINE 


THESE BREAKERS MAY ENCOUNTER THIS PHENOMENON 
WHEN CAPACITIVE KVA IS HIGH 
PROVIDED? 


TO LOAD 


“tt DES CAPACITOR 


BREAKER 


21S OPEN 
1 AND 2 ARE CLOSED 


its mark by the initial difference. In 
this manner the voltage reaches minus 
3£ at the exact instant that the transient 
current passes through zero. 

From this point two possibilities of 
major interest arise (Figure 3), namely: 


(a). Interruption of the high-frequency cur- 
rent at the first current zero (case 1). 


(6). Continuation of the high-frequency 
current, permitting it to die away, resulting 
in the re-establishment of the normal fre- 
quency capacitor current (case 2). 


If the latter occurs, then interruption 
will again take place at the next current 
zero of the normal frequency current 
which is just one cycle after the first 
current zero in the arc. By this time the 
gap insulation will have increased, and 
subsequent restriking is usually avoided; 
hence final interruption is achieved. In 
this case the voltage to ground may rise 
to only three times normal crest on a 
single-phase basis. If on the other hand, 
the breaker permits the interruption of 
the high-frequency current at the first 
current zero following restrike, then the 
capacitor or line remains charged to as 
high as three times normal voltage crest. 
Then one-half cycle later, when the bus 
voltage again reverses, it permits a maxi- 
mum of four times normal voltage to 
appear across the gap insulation. Sub- 
sequent restriking usually can be ex- 
pected under these very severe conditions. 
In this manner voltages up to insulation 
breakdown values can be generated. The 
reduction of these overvoltages is the 
subject of this paper. 

The above rough analysis of the inter- 
ruption of the capacitive circuit, although 
more descriptive for the capacitor, ap- 
plies equally well for the distributed case 
of the long open-circuited high-voltage 
line or cable. Here the voltage oscilla- 
tions are more square-topped because of 
the traveling wave property of the load. 
As the line, for example, remains charged 
at the crest value of the voltage with the 
early interruption of charging current, 
double voltage then appears across the 
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breaker with the reversal of the source 
voltage. If restriking occurs at the peak 
of this reversal, a voltage wave equal to 
the difference, or twice normal voltage 
crest, travels down the line to establish a 
charge equal and opposite to the initial 
trapped charge. The breaker current 
associated with this restrike is equal to 
the voltage of the traveling wave divided 
by the surge impedance of the line, about 
500 ohms. When these waves reach the 
far end of the open line, the voltage wave 
reflects without change of sign to sweep 
back to the breaker, establishing a 
charge of approximately three times nor- 
mal voltage crest. The accompanying 
current wave, however, reflects with 
change of sign to cancel the forward wave 
current, Hence current zero literally 
travels back to the breaker. When it 
arrives, the breaker arc is usually ex- 
tinguished, thus leaving the line charged 
close to three times normal voltage crest. 
On a 200-mile line the complete round 
trip of such a wave from restrike to cur- 
rent zero at the breaker requires about 
2,000 microseconds or about an eighth of 
a sixty-cycle wave. Ona 10-mile cable 
the round trip requires about 200 micro- 
seconds. 


RESISTORS 


When resistors of the proper ohmic 
value are placed across the interrupting 
elements in the breaker, they function to 
reduce the probability of restriking by 
allowing the voltage on the load side to 
follow more closely the voltage of the 
source (see Figure 4). The resistors not 
only reduce the net voltage across the 
breaker but also act to distribute this 
voltage more equally within the breaker, 
thus lowering the maximum voltage per 
break which in turn further reduces the 
probability of restriking. It follows that 
should restriking occur (see Figure 4, 
case II), the net voltage difference (which 
defines the amplitude of the voltage 
oscillation about the generated voltage) 
is reduced, and hence the peak voltage 
to ground is lowered accordingly. To 
this reduction should be added the addi- 
tional lowering of the peak voltage 
afforded by the damping attributable 
to the resistor. The combination of 
these several effects 


1. Makes possible a higher capacitance 
kilovolt-amperes that may be switched with 
a given breaker without restriking. 


2. Reduces the hazards of restriking in the 
kilovolt-amperes region where restriking is 
more probable. 


The first of these advantages is the pri- 
mary objective of the addition of resistors 
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Figure 2. Typical interruption of an inductive short circuit showing 
arc rekindling at early current zeros 


Compare with the interruption of the capacitive circuit shown in Figure 3 


to breakers required to interrupt heavy 
capacitive kilovolt-amperes. 

The resistor current is interrupted 
within the breaker as a plain-break inter- 
ruption, care being taken that the resistor 
is so proportioned that the voltage surge 
associated with this final interruption 
does not exceed twice normal leg voltage 
crest. The design and arrangement of 
the resistor will be discussed later in the 


paper. 
Transient-Analyzer Results 


In order to make a thorough analysis 
of the effectiveness of shunt resistors in 
reducing the magnitude of switching 
surges, the transient analyzer® was used. 
The system studied in connection with 
this specific problem is shown in Figure 5. 
This miniature system is an approximate 
reproduction of the actual system at 
Boulder power plant on which the final 
field-test data were obtained. 

By means of a synchronous switch 
which has been previously described,* 
each phase could be switched in sequence, 
or restrikes could be imposed in any one 
phase during the clearing process. 

Oscillograms of such restriking are 
shown in Figure 6a for the first phase to 
clear with the system neutral solidly 
grounded. Voltages across the switch 
contacts are shown to reach values be- 
tween four and five times normal line-to- 
neutral crest with two restrikes without 
resistors. When resistors are used (4,600 
ohms in this case), these voltages are 
substantially reduced, as shown by other 
oscillograms in the same figure. 

Line voltages to ground are also shown 
in Figure 6b. It is evident from these 
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Figure 3. Capacitive circuit interruption 

which shows a breaker-restriking phenomenon 

together with two possibilities of eventual 
interruption 


oscillograms that the shunt resistors are 
effective in 


1. Reducing the a-c voltage on a line being 
switched out before the final break is com- 
pleted. This figure with the modification shown in 
2. Reducing the d-c voltage left on a line. Figure 4 is the theme of this paper 


Bus voltages to ground are shown in 


Figure 6c. With no restriking, the bus A representative indication of the 


voltage at the source is seen to drop 
noticeably because of the interruption of 
leading current. However, if restriking 
takes place, rapid changes in bus voltage 
can occur which may reach relatively 
high magnitudes as shown. Voltages on 
the bus side may be considerably higher 
than these if the neutral impedance is 
high. 


RESISTOR 


severity of overvoltages is the voltage 
across the breaker contacts during inter- 
ruption. Therefore, the generalized 


Figure 4. Typical capacitive circuit inter- 

ruption when resistors of proper ohmic value 

are inserted in the circuit during the inter- 
rupting period 


Compare with Figure 3 
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curves of Figure 7 show this voltage as a 
function of the amount of shunting re- 
sistance R for various system conditions. 
It appears from these curves that there is 
no particularly eritical value of shunt 
resistance required, but that any value of 
the order of 2,000 to 4,000 ohms would 
accomplish a very substantial reduction 
in overvoltage severity, regardless of the 
method of system grounding and for 
any phase to clear, that is, whether it is 
the first, second, or last phase to clear. 
It can be shown that the effectiveness 
of a shunt resistor used in this manner de- 
pends upon the length of line. If a re- 
sistor is selected on the basis of sufficiently 
reducing transient overvoltages for the 
longest line that a given breaker is likely 
to be called upon to interrupt, then that 
resistor should be even more effective in 
reducing transient switching voltages for 
shorter lines, although the surge asso- 
ciated with the interruption of resistor 
current is likely to be slightly increased. 


Laboratory Tests 


The transient-analyzer solutions cover- 
ing a wide range of probable circuit and 
breaker characteristics made another 
valuable contribution to the study by 
indicating 
1. Critical circuit constants to be investi- 
gated. 


2. The value of resistors which should 
prove most helpful in reducing overvoltages. 


This information reduced the number of 
laboratory tests necessary, but even so 
over 400 tests were made in the power 
laboratory at Schenectady. However, 
the analyzer cannot indicate the re- 
striking characteristics of the breaker, 
and hence power tests are essential. A 
study of the analyzer data indicated 
that, under the adopted assumptions 
with respect to breaker performance, a 
resistance between 2,000 and 4,000 ohms 
would be successful in holding the over- 
voltages, because of restriking, between 1.9 
and 3.2 times normal over a practical 
range of circuit constants (including 
presence of ground-fault neutralizer). 
Resistor designs were made up covering 
this range with the thermal requirements 
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both on closing and opening under the 
worst field conditions in mind. The most 
satisfactory compromise, considering all 
factors, indicated a total resistance of 
3,000 ohms per phase. Each resistor con- 
sists of a helically wound resistance wire 
which in turn is helically wound ona Herk- 
olite tube. This winding is protected by 
an outer tube as shown in Figure 9. One 
resistor is connected in parallel with 
each interrupter as shown schematically 
in Figure 10. As the breaker opens, the 
power arc is interrupted in the inter- 
rupting elements, thus throwing the re- 
sistors (1,500 ohms apiece) in series with 
the line. As the crosshead (Figure 10) 
leaves the interrupting elements, the 
small unity power-factor resistor current 
is drawn as an arc between the external 
contacts and interrupted under plain- 
break conditions with a minimum of dis- 
turbance. The resistor also enters the 
circuit first when closing the breaker. 
Leading current tests in the power 
laboratory were made by _ switching 
various banks of capacitors with a 230-kv 
oil circuit breaker, equipped with resistors 
as described above. Numerous tests were 
made also without resistors, although 
they were limited because of frequent 
arrester operations. Although the capac- 
itor banks do not afford the traveling- 
wave phenomena associated with the 
long line, the switching problem is similar 
in all major respects. Therefore, the 
information obtained is applicable di- 
rectly to the long line problem. The 
laboratory tests without resistors in the 
breaker did not reveal the true maximum 
voltages as protective arrester operations 
were encountered in many cases. The 
results of these tests demonstrated the 
ability of such resistors to hold switching 
overvoltages to very safe levels. This 
was particularly noticeable by the ab- 
sence of arrester operations during tests 
in which the resistors were employed. 
Following the leading kilovolt-ampere tests 
the breaker, equipped with resistors, was 
tested on short-circuit interrupting duty 


1. To test the mechanical features of the 
resistor element. 
2. To observe the effect of the lower re- 
covery rate; contributed by the resistor, on 
the arc duration. 
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oscillograms 
illustrating the phenomenon of line-charging 
current interruption with and without shunting 
resistor in the miniature system of Figure 5 


6. Transient-analyzer 


Figure 


The ordinate is times normal line-to-neutral 
crest voltage 


Numbers on oscillograms show number of re- 
strikes in each instance 


A.  \oltage across the switch in phase a 

A1. No shunting resistor 

A2. 4,600 ohms shunting resistor 

B. Line-to-ground voltage on line side of 
switch in phase a 

B1. No shunting resistor 

B2. 4,600 ohms shunting resistor 

C. Line-to-ground voltage on source side 

of switch in phase a. No shunting resistor 


Figure 8 shows the observed reduction in 
arcing time afforded by the reduced re- 
covery rate. Breaker disturbance, con- 
tact burning, and oil carbonization are 
also reduced. The success of these tests 
led to the desirability of field confirmation 
on the Boulder circuits. 


Field Tests 


Such a series of field tests was made 
during the weekend of March 27 to 30, 
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Boulder Power-Plant Line-Dropping Tests—230 Kv 


Line-to-Ground 


Crosshead Travel in Inches 
From Contact Separation to 
Interruption of Last Phase 


Across Breaker 
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A B Cc 
rupters (Stroke =36 Inches) 
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* Maximum voltages to ground recorded for both the bus and the line side of the breaker include voltages encountered either in the course of the primary inter- 


ruption within the interrupters or in the course of the interruption of resistor current by the external break (see Figure 10). 


Voltages encountered in the inter- 


ruption of resistor current are marked by an asterisk. For maximum voltage across the breaker only voltages occurring in the course of the primary interruption 
are recorded, since voltages across the breaker during the interruption of resistor ctirrent involve no stress on solid insulating material other than that occasioned 


by voltages to ground on either side of the breaker. 


neutral crest. 


* Reading affected by flashover in voltage divider. 


Approximate correction applied. 


** Two reactors were connected in parallel; one on tap 9 and one on tap 10. 
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Figure 7. Effect of breaker resistors in reduc- 
ing transient overvoltages during switching 


Voltages shown are the maximum possible 

across the breaker for two restrikes in the 

phase being switched for any phase to clear, 
that is, first, second, or last 


A—System neutral solidly grounded 


B—System neutral grounded through ground- 
fault neutralizer tuned to 260 miles of line 
C—System neutral grounded through ground- 
fault neutralizer tuned to half (130 miles) of 
the total of 260 miles being switched 
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1942, on the 230-kv number 8 oil circuit 
breaker in the switchyard of the Southern 
California Edison Company at Boulder 
power plant. This breaker is a tank- 
type breaker which contains multibreak 
interrupters’ and has an interrupting 
rating of 2,500,000 kva and an interrupt- 
ing time rating of five cycles. The volt- 
age-limiting resistors, previously de- 
scribed, are mounted on the interrupters 
as shown in Figures 9 and 10. 

All tests were circuit opening in which 
only the charging current of the con- 
nected line (far end open) was inter- 
rupted—commonly termed line-dropping 
tests. In this type of interruption, 
leading currents involved are small. 
Thus, within reasonable limits, arcing 
time is no important consideration. 
On the other hand, unless precautions 
are taken, breaker restriking quickly 
generates overvoltages which may be 
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Voltage across the breaker during the interruption of resistor current never exceeded twice normal line-to- 
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Figure 8. Breaker arcing time during the 

interruption of inductive short circuits, showing 

the improvement as a result of reduced re- 

covery rates and better internal voltage dis- 

tribution brought about by resistors in the 
breaker 


harmful to the breaker itself and to 
other connected equipment. Control of 
these overvoltages was therefore the pri- 
mary concern in these tests, and the pur- 
pose of the test program was to determine 


1. The nature and magnitude of the over- 
voltages under various system conditions. 
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2. The effectiveness of resistors assembled 
in the breaker, in parallel with the inter- 


rupters, in reducing these overvoltages to 
harmless values. 


This approach naturally required that 
the line-dropping test program should 
include various practical system condi- 
tions with and without resistors in parallel 
with the interrupters. The following 
conditions were subjected to change: 


1. The length of line being disconnected. 
2. The neutral connection. 
8. The nature of the power source. 


Circuit CONDITIONS 


1. In some tests the entire 233-mile line 
to Chino substation was disconnected at 
Boulder power plant; in others only the 
132-mile section to Pisgah substation. 


2. In some tests the neutral was solidly 
grounded; in others it was grounded through 
reactance. Three different values of react- 
ance were used; one of these values was 
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Figure 9 (left). Gen- 
eral Electric multi- 


break —_interrupter 

unit for 230-kv oil 

circuit breaker with 
resistor attached 


Two such interrup- 

ters are used per 

pole as shown in 
Figure 10 


Figure 10 (right). 
Schematic diagram 
showing the multi- 


break _ interrupters 
with resistors _at- 
tached 


The resistor current 
is interrupted in the 
gap formed by the 
external contacts 


RESISTOR 


EXTERNAL 
CONTACTS 


that required for tuning as a ground-fault 
neutralizer to the line length being discon- 
nected; the other two values, corresponding 
to other neutralizer tap settings, have been 
used to tune the line in conjunction with 
additional reactors at the far end of the line 
and consequently correspond to reactances 
above the tuned value. 


3. Insome cases two local generator-trans- 
former units were connected to the bus, and 
the remainder of the system was tied in 


Figure 11. Pictorial summary of results of 
oil-circuit-breaker tests made at Boulder power 


plant March 28 and 29, 1942 


Comparison of voltages caused by interruption 

of transmission-line charging current. Here 

the overvoltages obtained with and without 

breaker resistors, under various line and 
ground conditions are shown 
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through the second line to Chino substation. 
In the others only one generator-transformer 
unit was connected to the bus, and there was 
no tie with the rest of the system. 


Test Results 


A total of ten groups of tests was made 
at Boulder power plant covering practical 
combinations of circuit and breaker ar- 
rangement. Table I describes the results 
of these tests with respect to the maximum 
voltages developed and with respect to the 
breaker crosshead travel necessary for 
interruption. The overvoltage record, 
with and without resistors, is presented 
graphically in Figure 11 in such a way 
that the effect of the resistors, of the 
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Figure 12. Comparative cathode- 

ray oscillograms of tests made at 

Boulder power plant when drop- 

ping 132 miles of 230-kv line 

with ground-fault neutralizer on 
tap 7 


(a—above). With 3,000 ohms in 
breaker (test 5A in Table |) 


(b—below). Without benefit of 

breaker resistors (test 7A in 

Table I). During this test a 220-kv © 
bushing flashed: over 


1. Voltage to ground on bus side 
of breaker 


2. Voltage to ground on line 
side of breaker 


length of line, and of the ground-fault- 
neutralizer tap setting are readily appar- 
ent. 

In the course of these field tests, three 
arrester operations were observed, one on 
phase a and two on phase c. These ar- 
resters are located near the terminals of 
the 82,500-kva transformer bank at 
Boulder power plant which is about one 
mile from the Southern California Edison 
Company switchyard. These three ar- 
rester operations all occurred during the 
tests which used the ground-fault neu- 
tralizer and no resistors in the breaker. 
During an earlier series of tests at Boulder 
power plant, at which time the above 
problems were being diagnosed, under 
similar system conditions (with the neu- 
tralizer untuned and without resistors in 
the breaker) six lightning-arrester opera- 
tions were observed. No arrester opera- 
tions were observed, however, for ten 
similar tests made at that time with the 
neutral solidly grounded. 

The interrupters were completely ex- 
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amined at four points in the test program. 
There was no damage to the contact or 
insulation parts as a result of any of the 
tests made when the resistors were con- 
nected, On the last inspection following 
tests with the ground-fault neutralizer and 
without resistors (during one of which 
tests with the neutralizer untuned the 
breaker flashed over externally), there 
was some damage to the insulation parts 
of the interrupters but not of sufficient 
magnitude to prevent the successful inter- 
ruption of the circuit. 


Oscillograph Measurements and 
Records 


A good illustration of the effectiveness 
of internal resistors in reducing transient 
switching overvoltages is shown in the 
cathode-ray oscillograms of Figure 12, 
which places together for easy comparison 
a test with a 3,000-ohm resistor in the 
breaker (Figure 12a) and a duplicate test 
without resistors (12b). These tests are 
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numbers 54 and 7A respectively (Table 

1), in which 132 miles of line were dropped 
with the ground-fault neutralizer on tap 

7. Figure 12a shows no overvoltages of 
any consequence although there is re- 
striking during the clearing period. In ~ 
contrast the restriking associated with 
Figure 12b (no resistors) results in violent 
transient disturbances which were so high 
as to cause sparkover of a protective gap 
in the cathode-ray-oscillograph measuring 
circuit which made it impossible to deter- 
mine accurately the actual crest voltage 
obtained. The voltages reached for this 
test, however, were high enough to spark- 
over the 220-kv bushing on the source — 
side of the breaker. This would require a 
maximum of 1,050-kv crest, depending 
upon several factors, the most important 

of which are the wave shape of the tran- 
sient voltage and the lower humidity, 
both of which would lower the actual 
flashover. 

The oscillograms of Figures 13a and 
13b are the magnetic oscillograph records 
of the same field tests as presented in 
Figure 12, namely tests 5A and 7A respec- 
tively of Table I. In Figure 13a the dura- 
tion of the unity-power-factor resistor 
current is clearly shown. Characteristic 
restrike current surges are shown in Fig- 
ure 13b. Here four separate restrikes 
took place, all of which interrupted with 
the arrival of the first current zero of the 
high-frequency oscillation. Figure 13 also 
exhibits oscillograph measurements of 
phase current, trip ‘coil current, and 
breaker travel. 

Voltage to ground on each side of each 
pole of the test breaker was indicated on 
the cathode-ray oscillograph. The de- 
flection plates of this oscillograph were 
energized by means of capacitance po- 
tentiometers, the upper section of which 
was furnished by the carrier-current cou- 
pling capacitors on the two transmniission 
lines. This provided an arrangement 
capable of reproducing satisfactorily volt- 
ages of all types from the high-speed 
transients obtained upon a restrike in the 
circuit breaker. to the slowly leaking 
charge left on the lines upon final inter- 
ruption.® The two voltages for each pole 
of the breaker were recorded on parallel 
traces on the same film, so that the voltage 
across the breaker pole could be deter- 
mined readily by graphical subtraction. 


Discussion of Results 


Figure 11 shows the effect of the resis- 
tors upon the overvoltages attending 
switching. As is indicated by this figure 
three pairs of test groups were taken in 
such a manner that direct comparison can 
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Figure 13. Magnetic oscillograms associated 
with the voltage records of Figure 12 


(a—top). With breaker resistors. Note 
resistor current 
(b—bottom). Without resistors. Four 


separate restrikes occurred on this test of the 
type shown in Figure 3, case | 


be made to show the effect of the resistors. 
In these cases, and also in the other groups 
taken with the resistors connected, the 
voltage was limited to twice normal line- 
to-ground peak or less—both when the 
resistor was being switched in and when 
the resistor current was being interrupted. 
When the resistors were not connected, on 
the other hand, the voltage across the 
breaker reached three times normal with 
the neutral solidly grounded and more 
than four times normal with a neutral re- 
actor connected. 

Correspondingly, as shown in Table I, 
the resistors bring about a considerable 
reduction of arc length inside the inter- 
rupters as a result of the improved inter- 
nal voltage distribution and the improve- 
ment in the rate of rise of recovery volt- 
age. The residual current which remains 
in the resistors is then interrupted by the 
disconnecting break (formed by the cross- 
head, Figtire 10) in from about 15 per cent 
to approximately 35 per cent of their 
available break distance. Here also the 


FEBRUARY 1943, VOLUME 62 


aa 
+ ae Each dot equals 1/4 inch of crosshead Rene i 


* . Travel Recorder 
oe Bach dot equals 1/4 inch of crosshead travel 


HANNAN 


Travel Recorder 


Southern California Edison Company Ltd. 
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) Southerm California Edison Company Ltd. 
Test made at Boulder Powerhouse March 29, 1942 
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Boulder to Pisgah ; 


Series 7, Test 7-A 
Petersen coil on Tap 7 
* No resistors 
Line dropped A-7 Generator only 
Line de-tuned q 
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an eine 


resistors are effective in preventing any 
build-up of voltage beyond the values 
shown in Table I and Figure 11. 


The fact that the resistors produce such 
a substantial reduction in overvoltage 
makes them preferable to other measures, 
since they afford protection thereby to 
other terminal apparatus. Unless the 
breaker is sufficiently positive in action to 
prevent restriking and its associated over- 
voltages, therefore, the use of resistors 
appears desirable whenever the length and 
voltage of the lines are such as to give rise 
to trouble of this type. Because of the de- 
pendence of this restriking phenomena 
upon so many factors, the most important 
of which is the breaker characteristic, it 
is impossible to indicate here the capaci- 
tance kilovolt-amperes where restriking 
can be expected to occur. Tests at 15 kv 
on one manufacturer’s breakers,® for ex 
ample, indicated a limit of 10,000 capaci- 
tive kilovolt-amperes above which over- 
voltages could be expected without the 
aid of internal resistors. The 132 miles 
of line dropped, as exhibited in Figures 12 
and 13, represents about 35,000 capact- 
tive kilovolt-amperes. These values can- 
not be compared directly with those 
shown at 15 kv, however, because of the 
wide difference in voltage levels. The 
above makes clear that when small ca- 
pacitive kilovolt-amperes are to be inter- 
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rupted, with standard power breakers 
(short lines or cables, protective capaci- 
tors, and so forth), no trouble should be 
expected. 

The operations in all the tests presented 
in this paper were confined to dropping a 
length of open transmission line, but, 
since breaker operation upon all except 
three-phase faults involves dropping at 
least one unfaulted phase conductor, the 
phenomena will be present in practically 
all breaker operations. 

The results of these tests are in good 
qualitative agreement with the results of 
miniature-system tests as regards the 
principal features: 


1. With the untuned neutral reactor, volt- 
ages obtained without the resistor were 
much higher than those obtained with the 
neutral solidly grounded. 


2. The resistors brought about a sub- 
stantial reduction of voltage in all cases, 
and, the higher the initial overvoltages, the 
greater was the percentage reduction. 


A comparison of the overvoltages ob- 
tained for the tuned ground-fault neu- 
tralizer with those obtained for the solidly 
grounded system indicates the desirability 
of supplementing miniature test with full- 
scale tests under actual conditions. This 
is emphasized by the fact that the voltages 
associated with test series 7-2 are very 
high, relative to those obtained for test 
series 1, which was the solidly grounded 
case with the same line length. From 
earlier studies, on the other hand, it had 
been concluded on the basis of the tran- 
sient-analyzer results that interrupting 
line charging current in a ground-fault- 
neutralizer system is no more difficult 
from a switching standpoint than in the 
same system with neutral solidly 
grounded. The reason for this disagree- 
ment apparently lies in the fact that 
surges communicated to one phase by 
clearing or restriking in another were of 
much more importance in the ground- 
fault-neutralizer tests than with the neu- 
tral solidly grounded. Not only did this 
have a direct bearing on voltage magni- 
tudes, but in a number of cases it ap- 
peared to be directly responsible for addi- 
tional restrikes which contributed still 
more to the overvoltages. In the grounded 
neutral tests there was never more than 
one restrike which contributed appreci- 
ably to the building up of voltage, but 
several times there were two in the 
ground-fault-neutralizer tests. Since the 
miniature-system tests were based on 
the assumption of two restrikes with the 
worst timing, the full-scale grounded- 
neutral tests produced overvoltages con- 


siderably lower than predicted. The 
ground-fault-neutralizer overvoltages 
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were about equal to predicted values, the 
loss caused by the fact that the worst 
timing was not realized being approxi- 
mately balanced by the increase arising 
from interphase reaction. 


References 


1. System OVERVOLTAGES AND LIGHTNING-AR- 
RESTER APPLICATION, H. A. Peterson, E. M. Hunter. 
Electric Light and Power, November 1941. 


2. Errect or RESTRIKING ON RECOVERY Vo.rt- 


106 TRANSACTIONS 


AGE, C. Concordia, W. F. Skeats. AIEE TRAns- 
ACTIONS, volume 58, 1939, August section, page 371. 


3. Powerr-SysteEM TRANSIENTS CAUSED BY 
SWITCHING AND Fautrs, R. D. Evans, A. C. Mon- 
teith, R. L. Witzke. AIEE Transactions, volume 
58, 1939, August section, page 386. 


4, ENGINEERING FEATURES OF THE 230-Ky 
BouLDER-CHINO TRANSMISSION LINE OF THE 
SouTHERN CaLirorNIA Epison Company Lrp., 
Alex A. Kroneberg, E. M. Hunter. AIEE Trans- 
ACTIONS, volume 59, 1940, page 982. 


5. TESTS AND ANALYSIS OF CIRCUIT-BREAKER 
PERFORMANCE WHEN SWITCHING LARGE CAPACITOR 
Banks, T. W. Schroeder, E. W. Boehne, J. W. 


Butler. AIEE TRANSACTIONS, volume 61, 1942, 
November section, pages 821-31. 
unt, Boehne, Peterson—Switching Over 


voltage 


6. An Evecrric-Circuir TRANSIENT ANALYZER, 
H. A, Peterson. General Electric Review, Septem- 
ber 1939. 


7. A New MUutTIsreaK INTERRUPTER FOR FAST- 
CLEARING O1L CrrcuiIT BREAKERS, R. M. Spurck, 
H. E. Strang. AIEE Transactions, volume 57, 
1938, December section, page 705. 


8. An ANALYSIS OF TRANSIENT AND SUSTAINED 
VOLTAGES IN GROUND-FAULT-NEUTRALIZER Sys- 
TEMS, S. B. Farnham, E. M. Hunter, H. A. Peterson. 
AIEE TRansactions, volume 60, 1941, page 1257. 


9. THE CATHODE-RAy-OSCILLOGRAPH APPLIED TO 
Lone Time SwitcHInG TRANSIENTS, G. W. Dun- 
lap, N. Rohats. AIEE Transactions, volume 62, 
1943. 


ELECTRICAL ENGINEERING 


? 
y 
i 
} 


TRANSACTIONS SECTION 


Preprint of Corresponding Pages From the Current Annual AIEE Transactions Volume 


Any discussion of these papers will appear in the June 1943 Supplement to Electrical Engineering—Transactions Section 


Keep Them Rolling 


J. W. TEKER 


ASSOCIATE AIEE 


HE electric locomotive of World War 

I days has broadened its usefulness 
to a position of recognized importance 
among the nation’s available motive 
power now so necessary to the successful 
conduct of the present world’s struggle. 

This is largely attributed to the recent 
and swift growth of the Diesel-electric 
locomotive, essentially an electric loco- 
motive carrying its own power plant, for 
both road and switching service. 

Barely keeping pace with this new giant 
are the comparatively small but im- 
portant groups of skilled men specializing 
in the care of this motive power and com- 
prising a new branch of the established 
maintenance and repair department of 
steam railroads. The continued smooth 
and vital operation of transportation 
equipment pushed to its utmost depends 
upon these men; yet even these ranks 
are being thinned to supply the demand 
for skilled men in today’s highly mecha- 
nized warfare. 

The conservation of such highly stra- 
tegic elements as time, material, and man 
power can find no better application than 
in the field of preventive maintenance. 
Like any preventive measure applied in 
time, it requires the minimum of time, 
effort, and facilities and can be accom- 
plished fortunately by men with less train- 
ing and skill than the more costly repair 
crew of high skill with necessary shop 
facilities. 

Good generalship on the home front 
demands the application of the engineer- 
ing method, based on fundamentals, to 
appreciate the nature of failures and 
then to guide and direct the efforts of 
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available man power and facilities not 
only in repair but in the prevention of 
failures, 

It is difficult to expound anything new 
in the field of maintenance, but it is 
possible, and the purpose of this article is 
to point out certain fundamentals under- 
lying the most common maintenance 
functions applying to traction motors 
and generators. It is the expectation 
that such a review will stimulate respon- 
sible engineers and operators to examine 
and test their own practice in this light 
and establish preventive methods to keep 
the equipment rolling and out of the 
repair shop. 

Supervisors confronted with the loss of 
expert workmen who carry routine 
practices in their heads or with the influx 
of new help must be especially on the 
alert for neglect of preventive mainte- 
nance methods and must get close again 
to the job to see that specific standing 
instructions are available and_ that 
schedules and records are not neglected. 

The neglect of some simple detail by 
one man may start a chain of events to 
culminate in a serious breakdown and 
require an entire crew of men with shop 
facilities already sorely taxed to make 
corrections. The lack of only one-half 
minute’s attention to cleaning a terminal 
may cause the contact surfaces to over- 
heat and burn off when most heavily 
loaded, and a motor failure resulting 
when the motor is most needed brings a 
train in late with remaining motors over- 
heated. This is sabotage, unintentional 
but effective. 


Lubrication—The Oldest Problem of 
Maintenance 


Lubrication constitutes one of the 


oldest and most common of maintenance 
functions and yet in spite of the available 
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background provides many problems 
ranging from the selection of lubricant 
to the method and frequency of applica- 
tion. 

Lubrication of electric traction equip- 
ment falls into three divisions, namely, 
sleeve bearings, antifriction bearings, and 
gearing. The basic purpose of lubrication 
in all of these is to separate the moving 
elements from each other by a film of oil 
which must support the entire load on 
these moving parts. Interruption of this 
oil film for any reason immediately allows 
contact between surfaces, and destructive 
wear begins. 


SLEEVE BEARINGS AND OIL WICKS 


Waste-packed sleeve bearings are com- 
mon for traction-motor-support axle 
bearings. Fundamentally the waste 
packing is a wool-yarn oil wick which 
raises oil from the oil well to the journal 
surface through a window in the bearing 
lining. The space between the tightly 
packed woolen strands forms small capil- 
lary tubes, and it is between these strands 
and not through them that oil rises by 
capillary forces. 

A properly packed bearing consists of 
two distinct parts, each having separate 
functions. The first is the wick portion 
of straight wool yarn placed vertically 
and evenly adjacent to the journal, one 
end extending down into tke oil well and 
the other end left extending out until the 
second portion of the packing is in place. 
The second part is packed tightly in loops 
or folds, the purpose of which is to back 
up and compact the wick so as to keep 
it against the journal and to create the 
necessary small spaces for capillary 
action. The first portion of the packing, 
left extending, is now tucked securely on 
top of the packing so that the wick 
is able to resist drag in either direction 
of rotation. 

The packing of bearings should be en- 
trusted only to men trained and skilled 
in this operation. Fortunately the prin- 
ciple is simple, and once understood the 
skill is easily acquired. 

New waste, clean and dry from the 
vendor, may be oil repellent and not con- 
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ducive to good wick action, Therefore, 
it must be thoroughly oil soaked to insure 
complete wetting of all fibers and then 
drained before packing bearings with it. 

Because of the very nature of wick 
action, it is important to select lubricants 
free from clots of tarry residue and sludge 
to keep from clogging the small capillary 
spaces between the strands and thereby 
restrict the free flow of oil up through the 
wick. 

Winter and summer grades of oil must 
be considered where operation goes 
through the extremes of temperature, 
because an oil of sufficient viscosity to 
maintain an adequate oil film through 
summer operation is not likely to have a 
pour point sufficiently low in the ex- 
treme of winter operation to permit its 
flow through the wick to the journal sur- 
face. This invites lubrication failure until 
the heat from the dry bearing raises the 
temperature of the oil to restore flow. 
Meanwhile, wear has taken place in the 
bearing, or destruction occurs before 
lubrication is restored. 

One grade of oil will do only where 
the seasonal temperature variation stays 
within the operating range of the lubri- 
cant. This is the subject of individual 
decision, based on local operating condi- 
tions, but the underlying fundamental 
remains unchanged. 

When gauging oil level, especially dur- 
ing certain seasons of the year, condensa- 
tion and water-soaked road beds cause 
accumulation of water in oil wells. The 
measuring stick may give a false indica- 
tion of the true amount of oil in the well, 
because it will be wetted by even a small 
layer of oil floating on top of a large ac- 
cumulation of water in the well. Periodic 
removal of drain plugs should be called 
for or samples may be obtained from the 
bottom of the well with a glass tube to 
check on water content. 
A PRESCRIPTION FOR LUBRICATING 
ROLLER BEARINGS 


Antifriction bearings for supporting 
motor and generator armatures are 
almost universally grease lubricated. 
Roller bearings require a film of oil over 
the highly polished steel surfaces. More 
than this film is excess and leads to many 
known evils attendant with overgreasing. 
A roller-bearing compartment approxi- 
mately two-thirds full of grease is ideal. 
This allows space for the grease to be 
thrown clear of the spinning bearing and 
yet provides ample grease reserve. When 
a bearing compartment is too full of 
grease, it is forced into the spinning bear- 
ing, and churning of the grease takes 
place, producing excess temperatures, 
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rapid breakdown, and oxidation of the 
grease. The internal pressures built up 
within the bearing compartment under 
these conditions cause the grease to be 
expelled past the bearing seals into the 
motor. 

The grease expelled from the commu- 
tator end bearing accumulates under the 
commutator shell and flows back to clog 
armature-core air passages. The re- 
stricted flow of ventilating air may in- 
crease the temperature of the winding 
dangerously. 

Excess grease, thrown over the inside 
of a motor, accumulates enough dirt to 
initiate electrical failure. The presence 
of grease and oil on the commutator sur- 
face is detrimental to the carbon brush 
performance and leads to commutation 
difficulties. 

Since it is difficult, if not impossible, to 
determine the grease content in the bear- 
ing housing when greasing from a pit, the 
importance of relying on a correct grease 
schedule is evident. The amount of 
grease added to each bearing and the fre- 
quency of application depend upon serv- 
ice conditions. It is important that a 
regular greasing schedule should be es- 
tablished only after first experimentally 
determining the correct quantity and 
the time interval for the particular service 
requirements. 

Continuous operation at high speed 
such as in streamliner service makes 
greater demands on bearing lubrication 
than slow-speed switching. The life 
of grease is dependent upon temperature, 
and this is dictated by motor duty and 
cab temperatures. General greasing 
recommendations can be made, but these 
must be verified to see that they suit local 
conditions. 


Stubborn arbitrary decisions lead to 
disaster in broken bearings, wrecked 
motors, flat wheels, and delayed trains. 
Only open-minded realism can avert it. 

This is not so difficult to do as it first 
may appear. There are many occasions 
during the course of operation where 
motors are available for removal of bear- 
ing caps so that grease content can be 
determined accurately. A few such in- 
spections quickly give an accurate pic- 
ture of the adequacy of the schedule being 
enforced. Records of such inspections 
supplemented by other checks such as 
excess grease throwing or removing plugs 
and obtaining samples with a hooked 
wire enable operators to keep a ‘‘pulse”’ 
on actual lubrication needs and revise 
greasing schedules correctly. 


Records and schedules must represent 
what is taking place in the greasing pit. 
All efforts may be nullified by carelessness 
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and haphazard methods during the greas- 
ing operation. It must be known just 
how much grease is being delivered by 
the greasing equipment in use. The extra 
shot, just for good luck, repeated fre- 
quently will upset any supervisor’s rec- 
ords. 

A desire for a perfect grease is normal 
and healthy, but, before it is released 
with a train, determine which will fail 
first, the motor bearing or the grease. 
Repeated demonstrations have shown 
that overfilled bearings overheat in high- 
speed operation, and it is recognized that 
unless greasing schedules are carefully 
controlled, overgreasing is common. 

High-temperature greases are available, 
but the steep temperature rise attendant 
with overgreasing can cause destruction of 
the bearing steel before the breakdown 
temperature of such grease is reached. 
When a grease melts at not over approxi- 
mately 150 degrees centigrade, there is 
opportunity for it to escape through the 
labyrinth seals, ease the internal pressure, 
and bring about a reduction in bearing 
temperature before destruction occurs, 
The grease, after such experience, is 
damaged, but the motor remains un- 
harmed while the grease may be easily 
renewed. 


PRECAUTIONS EXTENDING BEARING LIFE 


Cleanliness is of extreme importance 
in the operational life of the highly 
polished precision-built roller bearings. 
Allowances cannot be made for any con- 
dition under which a maintainer may 
have to work. When grit enters the 
bearing, it is helpless to resist its destruc- 
tive action. There are no extenuating 
circumstances—dirt must be kept out. 

Caps for grease fittings are available, 
or fittings can be wiped clean before 
applying the grease gun; otherwise grit 
will be forced into the bearing with the 
grease. Grease guns must be filled under 
conditions safeguarded against contami- 
nation. 

A check on the tightness of fittings 
and grease pipes is a “‘must’’ in the regular 
inspection schedule. A loose pipe clamp 
will allow vibration of the pipe until it 
drops or breaks off, leaving an opening 
directly into the bearing housing for 
entrance of water and dirt. 

The policy of removing motors on a 
mileage basis allows detection of defects 
and application of comparatively simple 
corrective measures which otherwise 
would result in the costly destruction of 
the motor and tie-up of operation. It 
supplies evidence from which errors in 
operation or maintenance can be cor- 
rected, whereas inspection after ultimate 
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ailure has occurred often finds such help- 
ful evidence destroyed. 


_ This provides opportunity to remove 


_ hardened grease residue from the bearing 
housing and to measure contents as a 


check on grease schedules. The bearing 


can be cleaned and carefully inspected 


to detect defects such as loose cage rivets, 
excess wear, chipping, and breakdown of 


race or roller surfaces. 


When a defective bearing is found, the 
motor parts involved should be checked 
for alignment. This can be done when 
the motor is reassembled and before 
bearing caps are assembled. An indicator 
clamped to the armature shaft and 
rotated so that it bears on the face of the 
outer bearing race will check the align- 
ment of the bearing with respect to the 
armature axis. This should be done on 
both commutator and pinion end bear- 
ings, together with a check on end play 
and bearing clearance before closing up 
the assembly. Such procedure will 
detect a frame or framehead that may 
have warped from overheating or impact 
and thereby hastened the breakdown of 
the original bearing. This will enable 
corrective measures to be applied before 
the motor is returned to service and thus 
prevent the damage of the replacing 
bearing. 


LUBRICATION IS ESSENTIAL TO GEARING 


Gearing is probably the least under- 
stood mechanism entrusted to mainte- 
nance men. Were it generally known 
what effort manufacturers put into the de- 
sign, heat treatment, and shaping of each 
tooth to the thousandth of an inch, gear- 
ing would receive the respect and atten- 
tion it deserves. Few maintenance men 
understand the basic principle underlying 
the operation of involute gearing most 
commonly used for traction application. 
There is a common misconception that 
teeth are shaped so that they may roll 
on each other. Actually, the teeth sur- 
faces slide on each other, the roll being 
confined to a very small portion of the 
profile, and the tremendous forces of 
moving a train are transmitted to the 
drivers through this sliding contact be- 
tween gear teeth. It is a vital necessity 
to separate this contact by a lubricating 
film; otherwise, destructive wear is sure 
and certain. 

Gear lubricants in common use depend 
upon their adhesiveness to keep the 
tooth covered with a protective load- 
carrying film. This stickiness is essential 
as centrifugal force tends to throw the 
lubricant off the teeth. The lubricant is 
renewed as it dips into the quantity con- 
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tained at a proper level in the bottom of 


the gear case. The properties of the gear 
compound must be such as to flow readily 
into the path of the rotating gear and yet 
be sticky enough to adhere to the tooth 
surface, and have load carrying ability. 
These properties are affected by tem- 
perature. Most compounds do not have 
sufficient range to cover the extremes in 
temperature encountered from summer to 
winter. Careful selection of proper grades 
for winter and summer operation must be 
made where wide temperature variations 
are encountered. The heavy summer 
grade will set up solid at low temperature, 
and the gear will channel through it with- 
out being wetted. A winter grade of 
thin lubricant during the heat of summer 
operation will fail to stick to the teeth at 
speed, or at heavy load is too thin to 
separate the gear teeth. 


A few hours of heavy load running 
without adequate lubricant may lead to 
irreparable damage. Gearing will over- 
heat and damage the heat treatment of 
the steel. Excess pinion temperature by 
conduction through the armature shaft 
can overheat the roller bearing. The 
unequal expansion of inner and outer 
races, absorbing the internal bearing 
clearance until loaded beyond limits by 
internal radial stress, can cause complete 
destruction of the bearing and frame 
heads, and even destruction of the arma- 
ture core when it drops on the field pole 
pieces at high speed, all because of faulty 
gear lubrication. 

A necessary adjunct to gear lubrication 
is the gear case or gear cover. Its two 
functions are to keep the lubricant in and 
to keep foreign material out. The tongue 
and groove joint between upper and lower 
halves, the baffles and seals around axle 
and pinion fit originally installed by the 
manufacturer are seldom maintained. 
This is so discouraging and futile that in 
some designs they are completely omitted. 

Contamination of gear lubricant with 
material picked up from the road bed 
makes an excellent lapping compound 
with no chance for grit to settle out in the 
thick viscous lubricant, and the very ob- 
ject of lubrication, to prevent wear, is 
defeated. 

Every time a gear case is dropped for 
wheel change or motor change-out it is 
an opportunity to renew seals, check 
gear teeth for signs of lubrication failure, 
and take necessary preventive measures. 


Coc WHEELS OR GEARING: WHICH? 


Fortunately, gearing has considerable 
power of recovering and after many 
abuses continues to transmit power even 
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after its fundamental tooth profile has 
been destroyed and turned into mere cog 
wheels. Gear teeth seldom fail in service 
but continue to operate until attention is 
arrested by their appalling appearance, 
and the gears are changed out from 
sheer fright. 

Too much attention is centered on the 
strength remaining in worn gear teeth 
from a breakage standpoint with a total 
disregard for the carefully designed 
shape of the tooth profile. There is a 
vast difference between cog wheels and 
gearing. The precise original shape of the 
involute tooth, while not necessarily the 
only possible shape, is to maintain uni- 
form angular velocity between gear and 
pinion. Deviation from a proper shape 
for uniform angular motion for any 
reason makes smooth uniform rotation 
between pinion and gear impossible, and 
jerky power transmission begins, at- 
tended by severe instantaneous stresses 
and torsional vibration. 

When gear, pinion, and axle linings re- 
main mated over a long period, the wear 
is gradually adjusted between the mem- 
bers without causing serious deviation 
from normal operation. This may con- 
tinue until bearing lining wear effects a 
gradual increase in gear center distance, 
and the gearing may also wear to a depth 


sufficient to produce a step in each tooth 


profile. 

Now, if the gear center distance is 
restored by installing new linings, it is 
evident that the tooth tip will be caused 
to ride alternately up and off the step 
formerly worn into each tooth, and there 
is interference. The same occurs when a 
worn gear or pinion is mated with a new 
one, Tremendous stresses are set up at 
the interference point until the teeth are 
battered into agreement. While this is 
going on, the armature shaft, bearings, 
and the armature winding are enduring 
the punishment of bending and vibratory 
torsional stresses. 


The interdependence between appar- 
ently unrelated parts is startling; lubri- 
cation failure in gearing or axle linings 
may be followed by a broken armature 
shaft or a grounded armature winding 
resulting from vibratory stresses beyond 
the limits of the construction during the 
breaking-in period of unrelated gearing. 

As soon as operators recognize the 
characteristics of true gearing, they will 
give immediate consideration to such 
practice as keeping gear and pinion 
mated even though the motors them- 
selves are changed around. When a 
motor is changed out, the pinion is re- 
moved and installed on the ingoing motor, 
thereby keeping the same pinion and gear 
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running together. In order to retain ex- 
isting gear center distance, the linings also 
should be removed and installed on the 
ingoing motor. 

When worn gearing must be matched 
with new, or where interference in tooth 
profile may result for any reason, con- 
sideration should be given to having the 
worn gearing replaced immediately with 
the same dispatch that worn wheels are 
ruled off the road. Fundamentally the 
question resolves itself into a choice be- 
tween the additional miles to be obtained 
from damaged gearing and the punish- 
ment being sustained by a costly traction 
motor transmitting its power through 
cog wheels no longer capable of their 
original gearing function. Where arma- 
ture failures are frequent, this aspect 
of the problem is worthy of serious study 
in the interests of economy and avyail- 
ability. 

Present-day facilities for pulling pin- 
ions, easily controlled means for heating 
pinions, and the measurement of correct 
advance simplify the pinion-mounting 
operation to such extent that the practice 
of keeping pinions and gears mated is 
simple, quick, and attractive in view of 
the benefit to be gained. 


Precautionary Tactics From the 
Service Pit 


INSULATION 


There is much that can be done to 
forestall trouble in motors and generators 
while they are mounted in the locomotive. 
A regular check of insulation resistance 
with a ‘“Megger’’ when a locomotive 
comes in from a run is a simple and quick 
operation; yec it may detect a defect 
which might result in a ground failure on 
the very next run. 

Make high-potential tests sparingly 
and carefully, preceding them with a 
Megger insulation check; otherwise a 
puncture or creepage failure may result 
from the test which could have been 
avoided by finding first the weak spot 
with the ‘““Megger” and cleaning, drying, 
or repairing locally as necessary. 


BRUSHES AND BRUSH RIGGING 


Care must be exercised when installing 
new brushes to prevent the snapping 
down of spring levers with such force as 
to chip or shatter the brush. Careless- 
ness in this respect may ruin a brush be- 
fore it has a chance to give useful service. 

Install a new brush in such a manner 
that the pigtail is placed on the far side 
of the carbon way away from the side on 
which the pigtail terminal screw is 
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located. This permits an easy loop to be 
made over the brush, with little chance of 
its being bent over the edge of the carbon 
way and thus hang a brush up so as to 
prevent free vertical movement. Where 
pigtails bear against the edge of the 
carbon ways or spring levers, there is 
rapid wear of the individual strands by 
prolonged vibration until.the pigtail is 
cut through and left free to wave about, 
with possibilities for motor flashover or 
ground. 


Dusty operating conditions allow gran- 
ules of dirt to collect between brush and 
brush holder carbon way which results 
in causing the brush to stick so that the 
freedom of vertical motion is restricted, 
and the brush does not ride the commuta- 
tor properly. This contributes to spark- 
ing, flashovers, rapid commutator, and 
brush wear. These granules leave un- 
mistakable evidence in the side walls of 
the brush in the form of lightning-shaped 
threadlike grooves, radiating from the 
top to the bottom of the brush where it 
makes contact with the carbon way. 
The correction is to find where and how 
grit enters the equipment and then take 
preventive measures if possible, and to 
slide the brushes frequently in the holders 
and blow the clearance space clear of dirt. 

The screw which secures spring lever 
shunt to brush holder body is worthy of 
careful inspection, being hard to get at 
and commonly overlooked, yet capable 
of serious damage to the motor. When 
this screw works loose and causes poor 
contact between the spring lever shunt 
and the brush holder body, the current 
normally carried by the shunt is caused 
to flow through the brush holder spring 
instead. Under heavy load, this current 
may be of sufficient magnitude to anneal 
the spring and cause loss of spring tension 
on the brush. The failure of the brush 
to maintain contact with the commutator 
causes arcing and overloading of other 
brushes, which ultimately leads to flash- 
overs or complete destruction of the 
brush holder by melting off from sus- 
tained arcing. The possibility for this 
screw to work loose completely and fall 
onto the commutator where it jams 
against a brush holder and causes a deep 
groove to be cut into the commutator, 
short-circuiting all segments, is more 
serious, making it necessary to cut the 
motor out of service and remove it for 
major repairs. 


COMMUTATORS REVEAL History oF Loco- 
MOTIVE HANDLING 


Observation of commutator surface 
appearance is a quick means for sizing 
up the general health of the equipment, 
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and poor appearance is evidence to the 
practiced eye that trouble exists, but it 
is not always so simple to ascertain 
quickly the true cause. Fortunately 
commutators are capable of long suffer- 
ing, and like gearing they seldom fail 
suddenly but give ample warning of im- 
pending trouble in time to hunt down 
the cause. Poor commutator condition 
does not imply always that the cause is 
within the machine, but may be trace- 
able also to external faults or conditions, 
the effects of which reveal themselves on 
the commutator and leave their record 
burned into its surface. 

For instance, it is not uncommon for 
enginemen trained in steam practice to 
stall the locomotive completely, inten- 
tionally or forgetfully, for unduly long 
periods with partial power on the motors. 
This is harmless in steam and even good 
practice under some circumstances but is 
capable of extreme damage to the elec- 
tric drive. This may occur when a train 
is braked to a stop with power on to keep 
the train slack stretched out for a smooth 
start and then power is not shut off for 
the duration of the stop. Again, a train 
may be held on an inclined spur with 
power on while the train crew look for 
blocks to hold a car so that it can be 
uncoupled from the train. 

Fundamentally, any operation which 
brings a motor to standstill while heavy 
current continues to flow causes intense 
local heating at the point of contact be- 
tween brushes and commutator, espe- 
cially if brushes are tipped to contact along 
one edge of their face by a slight back- 
ward movement of the armature just 
before the full stop was made. These 
local contact spots when unduly pro- 
longed may reach red or white heat and 
anneal the copper commutator segment 
involved and also burn the shellac binder 
in the mica segment or mica commutator 
cone. 


This local damage, varying from one 
overheated bar to as many as four groups 
of bars spaced 90 degrees apart in severe 
cases, does not immediately incapacitate 
a motor. The overheated segment now 
annealed, or the burned mica, lacks the 
necessary strength to keep its position 
under the action of centrifugal force at 
high operating speed and creeps above the 
general commutator bar surface to be- 
come a high bar with the attendant mark- 
ing and burning of the surface, or the 
shattering of brushes and frequent 
flashovers. 


Such bars may be found near or in the 
telltale burned spots at equally spaced 
intervals 90 or 180 degrees apart, and it 
may be evident by the discoloration at 
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or they sane require hecrthing for with a 
cleroscope or some equivalent means. 

_ While it is possible to keep such motors 
in operation by frequent cleaning or 
stoning of the commutator surface, ul- 
timately a major repair is necessary to 
remove the annealed bars and patch, or 


to renew mica cones and reassemble with 


new hard bars. 
A closer regular pattern of burned bars, 


especially in generators, traceable to 


external causes, may be brought about by 
the engineman failing to make a back- 
ward transfer to the series connection 
upon encountering a grade with a heavy 
train, so that the speed is dragged down, 
and the current of motors in parallel 
connection exceeds the commutation 
ability of the generator and, when pro- 
longed, burns the commutator and over- 
heats the armature winding. 

A similar commutator condition is also 
possible by the accumulative flashing at 
brushes over a period of time, brought 
about by a delayed transition from series 
to parallel motor connections, in which 
case the control equipment requires at- 
tention and adjustment. 


Sluggish reverser operation during — 


extremely cold weather, when air-com- 
pressor oil condensate may reach reverser 
air cylinders, can cause severe shock to 
the entire transmission apparatus by 
allowing Diesel-engine speed to rise well 
above idling speed before the circuit is 
closed through the reverser contacts. 

Sluggish air brakes may lead to emer- 
gency or convenient plugging of motors 
into reverse while the train is still moving 
ahead to effect a quick stop. The magni- 
tude of the commutation task under such 
conditions is bound to blast the com- 
mutator surface, leaving a wake of 
splattered copper beads and craters in 
the surface to upset the smooth riding of 
the brushes. 


RESURFACING COMMUTATORS DURING 
LAYOVER TIME 


There are occasions, whatever may be 
the cause, when locomotive commutators 
require resurfacing in order to continue 
operation. Much of this can be accom- 
plished quickly and easily in the locomo- 
tive unless the condition is such as to 
justify removal to a repair shop. 

Such resurfacing is commonly done 
with a commutator resurfacing stone 
held by hand or in a tool and applied to 
the commutator, rotating at sufficient 
speed to do a good grinding job. When 
the stone is hand held, it should be large 
enough to permit a maximum arc of 
contact with the surface. This will allow 
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it to ride over the low spots, rather than 
down into these hollows, and thus cut 
the high spots down first and thereby 
tend to produce a cylindrical surface. 
Remove a brush holder when it prevents 
the use of an ample stone size. 

When irregularities are beyond cor- 
rection with a hand stone, a rigid tool or 
fixture can be adapted to the special 
needs of the machine to hold the cutting 
stone steady or to mount a conventional 
Carboloy-tipped lathe cutting tool for the 


rough cut; then one can finish with a stone. 


The brushes should be removed during 
the resurfacing operation to prevent 
their rapid wear and dusting. Clean the 
oily and greasy surfaces before proceeding 
with the resurfacing so as to prevent 
adherence of the grinding dust and to 
permit easy cleaning of the equipment 
after finishing with the operation. When 
possible, erect cardboard shields so as to 
baffle the interior of the machine against 
entrance of this dust. 


Install two old brushes to supply power 
for driving the motor armature during the 
stoning. The axle, mounting the motor, 
is then by suitable means jacked up so 
that the armature and wheels are free to 
rotate. The remaining wheels of the loco- 
motive must be blocked or have the 
brakes set so as safely to hold the loco- 
motive stationary while the one axle is 
raised and left free to rotate. 

Driving power may be obtained simply: 
from the locomotive’s own Diesel-electric 
power plant by going into the first 
operating position which, in most cases, 
will provide sufficient speed to do an 
excellent resurfacing job. The current 
required to rotate the armature is so low 
that no damage will result to the station- 
ary motors through which this same 
current is flowing. An alternative, if 
preferred, is to obtain power from a 
welding set or some other suitable d-c 
power source. 


In the case of a generator a similar re- 
surfacing operation is possible in the loco- 
tomotive in first starting and warming up 
the Diesel engine so as to permit a quick 
easy start later, then shutting down and 
removing most of the brushes from the 
commutator, leaving only a few easy-to- 
reach brushes in about three quarters of 
the readily accessible brush holders of 
each polarity. 

The engine is again started, and these 
remaining brushes are removed, and the 
resurfacing operation is ready to proceed 
without affecting the brushes, which, as 
in the case of the motors, would be ex- 
cessively worn during a prolonged resur- 
facing operation. Block out all contactors 
to insure no voltage during the process. 
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Thorough cleaning of the apparatus is 
essential, and special attention must be 
given to the undercut spaces between 
Segments to see that all dragged over 
copper, accumulated dirt, and carbon are 
removed. 

A powerful tool for the detection and 
cleaning of these spaces is a procedure 
referred to as “air curing.” A strong jet 
of dry compressed air is blown against 
the commutator, held close to, and di- 
rected across the surface, so that the im- 
pact will dislodge material in the groove 
while the commutator is rotated at 
gradually increasing speed and maximum- 
no-load voltage. 

In the case of a generator, this is done 
with motor contactors blocked out to 
open the load circuit and field contactors 
closed in to obtain maximum excitation 
at full engine speed. 

In the case of a motor, this is done at 
available voltage within the speed limita- 
tion of the motor, which for practical 
purposes is sufficient. It is possible, when 
necessary, to obtain full motor voltage at 
full speed by resorting to separately con- 
trolled motor-field excitation circuit in 
order to keep within the maximum motor- 
speed limitation. 

When sparking or rings of fire appear 
under the impact of the air jet, the speed 
and voltage should be held until they 
clear up. It may, in stubborn cases, be 
necessary to shut down and dig the 
troublesome spots clean before proceeding. 

It is well to apply this air-cure process 
to motors or generators reported to flash 
over repeatedly for unknown and un- 
found causes, as a means of locating 
weak spots in commutator segment in- 
sulation. 

The operator should protect himself 
during resurfacing and air-cure processing 
against flying particles, dust, and flash- 
over by wearing goggles, respirator, and 
suitable gloves in keeping with approved 
safety practice. 


CABLES, CLEATS, AND CONNECTIONS 


Motor cables and cleats should be ex- 
amined each trip as the swing of cables 
between locomotive and motor concen- 
trate stress at the cable cleats which be- 
comes the point of wear and cracks in 
insulation. Such defects, if not dis- 
covered and repaired, will lead to motor 
or power-plant failure, especially during 
wet weather when creepage over and 
through these broken surfaces will result 
in a ground which may be serious enough 
to burn off a motor cable. 

Motors are at times removed in emer- 
gencies, and during the rush the contact 
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surfaces of the terminals may be over- 
looked so as to make contact through a 
dirty surface which, later in operation, 
will cause overheating and the melting 
of the soldered connections between ter- 
minal and motor cable, which may be- 
come serious enough to burn the connec- 
tion off completely, open-circuit, or 
ground the equipment. 


LoosrE BANDS CAN LOSE ARMATURES 


The loss of a power plant may overload 
the remaining equipment in order to bring 
the train in. Operators may take pride 
in bringing a train in under such condi- 
tions and justly so, but the maintenance 
man must be on the alert to see what the 
consequences of such operation are to 
the remaining equipment. Enough dam- 
age may result when the equipment is 
heavily overloaded to cause loosening of 
bands, shrinking of insulation, and slot 
wedges which permit the vibration of 
armature windings. The mechanical 
vibration of conductors ultimately wears 
insulation thin so that final failure occurs 
by electrical breakdown when it is least 
expected and under comparatively easy 
operating conditions. Such failures 
result from former abuse. 

Similar damage from overheating is 
caused by operation without traction 
motor blowers when they are necessary for 
adequate ventilation of the motors, or 
by insufficient air when the fan belts slip. 

Overloaded motors should be changed 
out as soon as possible without waiting 
for the completion of their standard re- 
conditioning mileage. Remove the ar- 
mature immediately to make a careful 
inspection of bands, wedges, and insula- 
tion. 

Extreme temperature gradient will 
exist within the motor during overload 
operation. In parallel ventilated traction 
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motors the armature temperature may 
be expected to increase from the commu- 
tator end to the pinion end. The pinion 
end winding will be hottest, because it is 
insulated and covered over by a band 
and is ventilated by the hottest air, while 
the commutator end of the winding can 
conduct its heat to the exposed surface of 
the commutator. Where overloads per- 
sist as on a grade, or where they are 
repetitive, such as in frequent starting 
of a train with one of two power plants 
shut down, pinion end temperature easily 
may reach a value sufficient to melt the 
solder on the pinion-end band and yet 
leave the commutator-end band and 
commutator-rise soldering intact. 

Such damage may easily escape detec- 
tion by casual observation through the 
commutator-end inspection opening. 
Hence the importance of disassembling to 
be able to view, tap, and feel the pinion- 
end band for signs of loosening. 


A band unsoldered, especially at speed, 
will cause its relaxation, and this along 
with shrinkage of varnish and insulation 
at these extreme temperatures permits 
vibratory movement of the windings. 
Prolonged operation with such mechanical 
motion wears through the insulation and 
culminates in ultimate electrical failure. 

This mechanical condition detected 
in time has good prospects of successful 
repair if the band and band insulation are 
removed and the armature winding is 
thoroughly treated in good insulation 
varnish and again rebound. This treat- 
ment is comparatively quick and in- 
expensive as compared with a serious 
failure caused by neglect, necessitating a 
complete rewind in order to restore it to 
service. The prospect of successful 
operation, after delayed treatment, is 
difficult to predict. Slot wedges should 
be checked also and renewed when 
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. damaged, as these may allow the winding 


to burst out of the slots even though the 
end bands are renewed. 

This is a good time to emphasize the 
importance of proper anchoring of the 
ends of the binding wire. The anchor 
should be such that it will hold even after 
the solder is thrown off. It will permit 
operation so as to bring the train in, 
which otherwise may have resulted in 
losing a band and bursting the winding. 

There are various designs for anchoring 
of the band, the basis of which is to have 
the start and finish of the band caught 
in the same clip extending through from 
one side of the band to the other. The 
ends of the band are looped back and 
then secured by pulling the end of the 
clip back under the turns adjacent to the 
end. A band so secured may slip and 
relax slightly when unsoldered but will 
not let go. 

When overloads are sustained so that 
all parts of the armature tend to reach 
uniformly high temperature, all bands 
will unsolder as well as the commutator- 
riser connections, and this is easily de- 
tected by observation through the com- 
mutator-end inspection opening. Opera- 
tors are quick to remove such obviously 
damaged motors, but unfortunately where 
outright failure has not occurred, the 
tendency is to assume that all is in order 
and to continue operation, while under 
the surface of the relaxed armature band 
the vibrating winding is eating into the 
vitals of the armature. 

Failures do not happen—they are 
caused, and they deserve close engineer- 
ing inspection and analysis with un- 
prejudiced zeal to search the events lead- 
ing up to the failure before corrective 
measures in design, operation, or main- 
tenance can be applied intelligently and 
effectively. 
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i is common practice to operate syn- 

chronous motors with full-rated field 
current supplied from a constant-voltage 
exciter. In a number of cases involving 
variable loads, automatic control equip- 
ment has been used to vary the excita- 
tion with the load. This control causes 
the field current to be reduced below the 
rated value during light-load periods when 
it is not needed and increases the excita- 
tion when the load is applied, in order to 


prevent the motor from pulling out of 


step. By this means both operating ef- 
ficiency and system voltage regulation 
have been improved. 

Operating efficiency is improved by re- 
duction of losses caused by motor field 
current and armature current. Field- 
current losses are reduced, because this 
current during light-load periods is less 
than the rated value. Armature current 
losses in the motor and in the power-sup- 
ply system are also reduced, because the 
motor reactive kilovolt-amperes during 
light-load periods is less than that with 
full excitation applied. 

System voltage regulation is improved, 
because the motor does not furnish un- 
necessary reactive kilovolt-amperes dur- 
ing light-load periods when it would tend 
to raise the voltage to an undesirably 
high value. Also, regulation is improved, 
because, as the load is increased, the lead- 
ing reactive kilovolt-amperes furnished 
by the motor do not diminish and may 
even be increased, thus offsetting the 
tendency of the load to reduce the system 
voltage. 

The advantages described have pre- 
viously been recognized’ in respect to 
motors whose loads vary gradually, so 
that plenty of time is available for in- 
creasing the excitation as the load in- 
creases. The advantages of use of auto- 
matic control for motors for loads which 
are applied suddenly has not been gener- 
ally appreciated. This paper presents 
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the results of an investigation of the use 
of synchronous motors with controlled 
excitation for suddenly applied loads. 
Quantitative results are given covering a 
range of machine and control characteris- 
tics and operating conditions. It was 
found that the advantages of improved 
operating efficiency and system voltage 
regulation can be obtained even when 
loads are applied suddenly. Also, when 
the peak loads are high relative to the 
required continuous load rating of the 
motor, certain additional advantages are 
available. 

Suddenly applied loads with short-time 
peak values much greater than the aver- 
age load are encountered in numerous 
applications for synchronous motors, 
such as for some metal rolling mills, 
rubber mills, and similar drives. In such 
cases the size of the motor is often de- 
termined principally by the peak load. 
If the motor is excited from a constant- 
voltage exciter, the field must be designed 


Tablel. Example of Synchronous-Motor Ap- 
plication Involving Suddenly Applied Loads. 


Comparison of Two Motors, Each for 3,500- 


Kw Motor-Generator Sets for Reversing 
Blooming Mill 
Motor A Motor B 


Type of excitation. . Automatically. .Constant volt- 


supply controlled age 
Continuous horse-..4,900 horse- 4,900 horse- 

power rating power power 
Power-factor rat-..1.0 power fac-..0.8 power fac- 

ing tor tor* or 1.0 

power factor 

Exciter continu- 

ous rating....... 40 kw ..40 kw 
Maximum peak 

NOG har wis ode 300 per cent . .300 per cent 


Approximate total 
weight of cop- 
per (motor and 
POEETONU) os ce via a 


Approximate total 
weight of steel 
(motor and con- 


Operating 
ciency (duty 
cycle, 100 per 
cent rms load, 
comprising re- 
peated 250 per 
cent short-time 
peaks alternat- 
ing with no- 
load periods).... 


4,000 pounds 


48,000 pounds , 


93.1 per cent 


. 6,000 pounds 


.60,000 pounds 


Plo pericent 


* For motors with 300 per cent steady-state pull-out 


torque, the design requirements of 0.8 power factor 
and 1.0 power factor motors are approximately the 


same. 
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to carry continuously sufficient current 
for maintaining synchronism with peak 
load applied. If, however, the field need 
carry only the excitation required by the 
load, and this field current is automati- 
cally increased when peak load is applied, 
a smaller motor may often be used. It 
was found that with properly co-ordi- 
nated designs of motor and control, for a 
wide range of ratings and operating con- 
ditions, substantial savings in critical 
materials, principally copper and steel, 
will be obtained. For the example illus- 
trated in Table I it was possible to em- 
ploy a design of motor and control which 
resulted in an over-all saving of 2,000 
pounds of copper and 12,000 pounds of 
steel. These savings are of particular im- 
portance at the present time of shortages 
of these materials. 

In the case outlined, it was found that 
the addition of the excitation control 
equipment did not result in an increase in 
over-all cost. For ratings considerably 
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Figure 1. Circuit diagram, synchronous motor 
with controlled excitation for suddenly ap- 
plied loads 
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Effect of transient reactance on 
transient pull-out torque 


Figure 2. 


Conditions of cases 1, 2, and 3 
x—Motor pulls out with this value of suddenly 
applied torque 


o—Motor remains in step with this value of 
suddenly applied torque 


TRANSACTIONS 1138 


-TIMES RATED TORQUE - .8 P.F. MOTOR 
=- np f ‘ ow 
oa fe} a) oO 


° 


oa 


= CASE | 


TRANSIENT PULL OUT TORQUE 


°o 


(e) a 4 6 8 1.0 12 
INITIAL FIELD CURRENT-TIMES RATED VALUE-.8 PF 
MOTOR 


Effect of initial field current on 
transient pull-out torque 


Figure 3. 


Conditions of cases 1, 4, and 5 


x—Motor pulls out with this value of suddenly 
applied torque 


o—Motor remains in step with this value of 
suddenly applied torque 


TRANSIENT PULL OUT TORQUE-TIMES RATED TORQUE-.8PF MOTOR 


ce) | 2 3 4 5 
OPEN CIRCUIT TIME CONSTANT- Ts SECONDS 


Figure 4. Effect of open-circuit time con- 
stant on transient pull-out torque 
x—Motor pulls out with this value of suddenly 
applied torque 
o—Motor remains in step with this value of 
suddenly applied torque 
A—Conditions of cases 1, 6, and 7. Field 
voltage rises at rate of 110 per cent of rated 


field voltage per second to ceiling value of 
180 per cent 


B—Conditions of cases 8, 9, and 10. Field 
voltage rises instantly to ceiling value of 300 
per cent of rated field voltage 
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Figure 5. Effect of exciter ceiling voltage on 
transient pull-out torque 


x—Maotor pulls out with this value of suddenly 
applied torque 


o—Motor remains in step with this value of 
suddenly applied torque 
A—Conditions of cases 8, 13, and 14— 
Tap’ = 3.42 seconds 


B—Conditions of cases 10, 11, and 12— 
Tap’ =1.0 second 
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Figure 6. Steady-state pull-out torque 


Figure 7. Motor- 
generator set used 
for tests 


Motor rating— 
2,100 horsepower, 
2100 kva, 0.8 
power factor, 900 
rpm, 13,800 volts, 
three phase, 60 
cycles 


Motors 


smaller than that of the example given, 
the over-all cost is slightly higher than 
for comparable motors and control of 
conventional design. 

It was found that the use of controlled 
excitation makes possible motor designs 
which for many cases have lower values 
of full-voltage starting current than com- 
parable conventional designs. When full- 
voltage starting is to be used, this feature 
will reduce the disturbance to the system 
caused by starting the motor. 

It is emphasized that a completely co- 
ordinated design of motor and control is 
necessary to assure satisfactory perform- 
ance and to make available the advan- 
tages described. Insome cases, the design 
of the motor will be determined by re- 
quirements of the continuous rating, re- 
active kilovolt-amperes for power-fac- 
tor correction, starting torque, or pull-in 
torque, as well as the peak load. The in- 
fluence of these other factors should be 
evaluated in each of such cases. 

A typical excitation control system is 
illustrated by Figure 1. The automati- 
cally controlled amplidyne exciter varies 
the motor excitation by varying the volt- 
age applied to the field of the main exci- 
ter. The control adjusts motor excitation 
to load requirements by responding to 
changes in motor input. 


Effects of Design Factors 


In this paper, the value of suddenly 
applied torque just sufficient to cause 
pull-out is called the transient pull-out 
torque. By calculating motor perform- 
ance for a variety of machine constants 
and operating conditions, their effects on 
the value of this torque were determined. 
These effects are illustrated by Figures 
2, 3, 4, and 5. For purposes of compari- 
son, Figure 6 is included, showing the 
steady-state pull-out torque. This figure 
applies for all the cases investigated. 
Figures 2 to 6 are all plotted in terms of 
the rated torque and rated field current 
of an 0.8 power-factor motor with a 
steady-state pull-out torque as given by 
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Figure 8. Comparison of calculated field cur- 
rent with test results 


Motor rated 2,100 horsepower, 2,100 kva, 
0.8 power factor, 900 rpm, 13,800 volts 
three phase, 60 cycles 


270 per cent load suddenly applied 


Figure 6. The results can be interpreted, 
however, as applying to motors with other 
power-factor ratings and steady-state 
pull-out torque characteristics, by prop- 
erly modifying the scales for the curves. 
The methods of modifying them are given 
in the appendixes. 
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Figure 2 shows the effect of transient 
reactance on transient pull-out torque. 
The maximum suddenly applied torque 
which can be carried is seen to vary almost 
in inverse proportion to the value of 
transient reactance. 

Figure 3 shows the effect of initial field 
current, While decreases in the current 
lower the transient pull-out torque, it is 
seen that this initial current may be well 
below rated value without greatly reduc- 
ing the maximum safe torque. 

Figure 4 shows the effect of open-cir 
cuit time constant for two types of exciter 
voltage changes. Curve A corresponds 
to an excitation voltage which, as soon as 
load is applied, rises at a constant rate of 
110 per cent of rated field voltage per sec- 
ond toward a maximum or ceiling voltage 
of 180 per cent of rated field voltage. The 
equivalent of this type of response is ob- 
tainable by means of the type of excita 
tion system illustrated by Figure 1. 
Curve B corresponds to an excitation 
voltage which rises instantly, upon the 
application of load, to a ceiling value of 


300 per cent of rated field voltage. This 


more rapid type of response is obtainable 
only by a regulating system with excep- 
tionally high speed characteristics such 
as are obtainable by use of an electronic 
main exciter. It may be seen that in- 
creases in the time constant are helpful 
when the excitation system is of the type 
shown by Figure 1, but that increases in 
the time constant decrease the transient 
pull-out torque when an electronic ex- 
citer with a relatively high ceiling voltage 
isused. Figure 4 shows that for machines 
with the longer time constants, the tran- 
sient pull-out torque available with an ex- 
citation control of the type shown by Fig- 
ure 1 approaches closely to the torque 
available with an electronic exciter with 
a high ceiling voltage. For the lower 
values of time constant, corresponding to 
relatively smaller motors, the advantages 
of an electronic main exciter or its equiva- 
lent are more pronounced. 

Figure 5 shows the effect of ceiling 
voltage on pull-out torque. 
The curves of Figure 5 apply to use of an 
excitation system which raises the field 
voltage immediately to the ceiling value. 
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Figure 9. Oscillograms 
of test of synchronous 
motor with controlled 
excitation for suddenly 
applied loads 
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These curves are plotted for two different 
values of time constant. The curves show 
that there is relatively little to be gained 
by employing very high ceiling voltages. 
When the field voltage does not rise im- 
mediately to the maximum value, in some 
cases there will be nothing gained by use 
of a high ceiling voltage, because the 
motor will definitely pull out or will defi- 
nitely reach stable synchronous operation 
before the exciter reaches its ceiling. 

The effects of design constants and 
operating conditions other than those 
investigated for this paper may be de- 
termined readily by the method of analy- 
sis outlined in the appendixes. 


Test Results 


To check the reliability of the analysis 
and calculations of this paper, tests were 
made on the 2,100-horsepower 900 rpm 
13,800-volt, 0.8 power-factor motor driv- 
ing the motor-generator set shown by 
Figure 7. The pull-out torque of this set, 
with rated excitation applied, is 220 per 
cent. An excitation system of the type 
shown by Figure 1 wasused and adjusted to 
supply at no load a field current of approxi- 
mately 50 per cent of rated excitation. 
A load of 270 per cent of rated load was 
suddenly applied to the motor by con- 
necting the two d-c generators of the set 
to a water box load. The motor did not 
pull out of step. Figure 8 shows a com- 
parison of calculated field current with 
measured field current. Further tests 
were made in which the transient react- 
ance of the motor was increased by add- 
ing external inductance to the field cir- 
cuit of the machine. By successive trial 
applications of load, the load just suf- 
ficient to cause pull out was found. This 
load corresponded closely to the transient 
pull-out torque as determined by calcu- 
lations. Figure 9 shows a typical oscillo- 
gram taken during the tests. 


Conclusions 


Following is a summary of the conclu- 
sions reached: 


1. Fora wide range of ratings of motors for 
loads with relatively high, suddenly applied 
short-time peaks, use of suitable automatic 
excitation control offers, without increasing 
over-all initial cost, the following advantages 
over use of motors excited by constant- 
voltage exciters: 

(a). Savings in critical materials, particularly cop- 
per and steel. 

(6). Increase in over-all operating efficiency. 

(c). Improvement of supply-system voltage regu- 
lation. 

(d). Reduction of full-voltage starting current. 

2. Properly designed excitation control 
systems operating in exciter field circuits 
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are adequate for the majority of cases in the 
range investigated. 


3. The transient pull-out torque will be 
increased by reducing machine reactances, 
particularly the direct-axis transient re- 
actance. - 


4. The transient pull-out torque will be 
increased by increases in the following: 


(a). Initial field current. 


(b). Rate of rise of field voltage caused by action 
of excitation control. 


(c). Exciter ceiling voltage, in some cases, 


5. The transient pull-out torque available 
when a suitable excitation system is used, 
is in most cases greater than the steady- 
state pull-out torque available with the 
field current for rated continous load. 


Appendix A. Assumptions 


The following assumptions were used: 


1. The direct- and quadrature-axis armature re- 
action magnetomotive forces are proportional to 
reactive voltage drops equal to iq(Xq—X1) and 
tqg(Xq— Xi), respectively. 


2. The field current, Js, required to overcome satu- 
ration is a function only of the total direct-axis 
air-gap flux and the field current. 


3. The value of Jz may be determined by the 
relationships of Figure 14 and the assumed em- 
pirical relation, es =eld+0.12I¢q. 


4. The effects of amortisseur windings and other 
rotor circuits in addition to the field winding are 
negligible except in producing a damping torque 
proportional to the rate of change of rotor angle. 


5. Armature resistance is negligible. 


6. Impedance in the power system supplying the 
motor is negligible. 


Appendix B. Nomenclature 


The following nomenclature is used in 
this paper: 


é,=terminal voltage per unit 
€iq = direct-axis component of air-gap volt- 
age 
éq =direct-axis transient internal voltage 
és = equivalent voltage determining satura- 
tion requirements. (es =eq+0.12J;a) 
1=armature current 
7qg=direct-axis component of armature 
current 
1¢=quadrature-axis component of arma- 
ture current 
ZI =total field current 


Iqa=field-current requirement based on 


quadrature-axis synchronous react- 
ance 
Zjq=field-current requirement excepting 


effect of saturation 
I,=field current required to overcome 
saturation 
Xq=direct-axis synchronous reactance 
X= quadrature-axis 
ance 


synchronous react- 
Xq‘ =direct-axis transient reactance 
X,= leakage reactance 
d6=angle in electrical degrees between e, 
and the direct axis 
D=damping-constant, torque per radian 
of angular displacement per radian of 
time 
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H=inertia constant, seconds; H 
0,.231(WR?) (rpm)? X 10- 
= (Base kva) 
Tao’ = open-circuit time constant, seconds 
t=time in seconds 
A indicates change in quantity during 
time interval, At 
f=frequency, cycles per second 
vy =angular rate of change of 5, degrees per 
second 
P,=electrical torque output of motor 
P,,=applied load torque 
Pp=damping torque 
P=net decelerating torque 


Numbered subscripts refer to step num- 
bers in step-by-step calculation. 

Armature currents, armature voltages, 
reactances, torques, and inertia and damping 
constants are expressed in per unit on motor 
kilovolt-ampere, voltage, speed and fre- 
quency rating. On some figures, torque 
values are expressed in times rated torque 
of an 0.8 power-factor motor. For these 
figures it is assumed that the rated horse- 
power equals rated kilovolt-ampere. For 
motors (of any power-factor rating) having a 
ratio of rated horsepower to rated kilovolt- 
amperes other than unity, the torque scales 
of these figures should be divided by this 
ratio. Field currents and voltages are ex- 
pressed in per unit of the value required for 
no load, rated voltage on the air-gap line. 
On some figures, field-current values are 
expressed in times rated current for an 0.8 
power-factor motor. For these figures it is 
assumed that the rated current is 2.7 per 
unit. For any motor(of any power-factorrat- 
ing) whose rated field current has a differ- 
ent per-unit value, the field-current scales 
of these figures should be multiplied by 2.7 
and divided by the per-unit value of rated 
field current. 


Appendix C. Method of 
Analysis 


Approach to Problem 


To determine whether or not a motor 
would remain in synchronism after applica- 
tion of a particular load under a particular 
set of conditions, a calculation was made 
resulting in a plot of rotor angle versus time. 
If this angle (by which the rotor axis is out 
of phase with the line voltage) does not ex- 
ceed 180 degrees and approaches a constant 
value less than 90 degrees, it was concluded 
that the motor would not pull out. 

To determine the transient pull-out torque 
of a particular machine under a particular 
set of conditions, the calculation just men- 
tioned was made for several different values 
of applied load. By this means, two load 
values were found, one only slightly greater 
than the other, the larger of which causes 
pull-out and the lesser of which does not. 
The transient pull-out torque lies between 
these two values. 

The effects of variation of machine con- 
stants and of excitation system performance 
were studied by determining the transient 
pull-out torques for various combinations of 
machine constants and operating conditions 
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A schedule of cases studied is given by 


Table II. From the results of the various 
cases investigated, the effects of design fac- 
tors were determined and plotted on Figures 
2, 6, 4, and 5. 

It may be observed from the form of the 
equivalent circuits that the pull-out power 
is increased in exact proportion to reduction 
in machine reactances if the ratios between 
these reactances is held constant. Therefore, 
all calculations were made with a single con- 
servatively high value of direct-axis syn- 
chronous reactance, and it was not neces- 
sary to investigate separately the effect of 
changes in this reactance. 


Method of Calculation 


On the basis of the assumptions listed in 
Appendix A, Figure 10 may be drawn to 
represent the motor at all times, before, 
during, and after application of load.* 
Figure 11 corresponds to that portion of 
Figure 10 which is independent of satura- 
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Table Il. 


Schedule of Cases 


Figure 10. Synchronous-motor vec- 
tor diagram 


(+) OD 000 
st 
“4 
*q 
Figure 11. Circuit used on a-c network 
analyzer 


Figure 12. A-cnet- 
work analyzer used 
for study of syn- 
chronous motors with 
automatic excitation 
control 
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tion and of saliency of the poles of the rotor. 
The circuit of Figure 11 was set up on the 
a-c network analyzer,’ illustrated in Figure 
12. Reactance values representative of syn- 
chronous motors were used for the circuit of 
Figure 11. Readings of eq, eg’, and P, 
were obtained for a range of values of 6 and 
Iga. Using these readings and the rela- 
tionships given on Figures 10 and 14, cor- 
responding values of J, which took pole 
saliency and saturation into account, were 
calculated. From the analyzer readings and 
the calculated values of J, curves such as 
those of Figures 15 and 16 were plotted. 
These were used in making step-by-step 
calculations of 6 and J versus time. A 
sample step-by-step calculation is given by 
Table III. 

The calculations of Table III proceed 
from left to right for each time interval, — 
using last-calculated values of quantities 
required for making each calculation. 

A time interval of 0.05 second was used 
for all calculations, since this was found by 
trial to give satisfactory accuracy. Use of 
a smaller interval will not materially in- 
crease accuracy. 

The quantities given in Table III were 
calculated as follows: 

The initial conditions were recorded for 
t= —0.05 second. 

By definition 


5; =59 + Abdy ete. (1) 
and 
eat’ = ay + Aego’ ete. (2) 


I is determined from Figure 15 for the 
previously calculated values of 6 and e’. 
P, is determined from Figure 16 for the 
previously calculated values of 6 and J. 


cecece 
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From assumption 4 Saturation per Figure 14 


Figure 17. Calculated performance of syn- 


ae 360( - (At) eo) (3) chronous ale os pt versus time— 


Since the sum of all torques on the rotor 
is zero 


A—Suddenly applied torque =300 per cent 
of motor rated torque —0.8 power-factor motor 
(motor pulls out of step) 


P=P,—P.—Pp a) 3 
Since the decelerating torque 5 B—Suddenly applied torque=285 per cent 
SE OF] of motor rated torque —O0.8 power-factor 
j nica ad (5) 95 “a motor (motor remains in step) 
860f dt & a 
3 = 
(Av) (At) = 360f( At)? P (6) 6” = E is as assumed for the case being studied. 
2H ra | From the second equation following equa- 
2 isles tion 4a of Reference 5, 
a 
7 


except for the first interval, for which from 
equation 55 of Reference 4, 


360f( At)? 
See IP 

ey ns 
By definition 


Ad = (11) ( At) = (v0) (At) + (Avo) (At) ete. (8) 


ag renee PER UNIT 


(7) Figure 16. Synchronous-motor electrical 
torque 


Xe 21.63) X;= 1,000.4 =046 
Saturation per Figure 14 


(Av) (At) = 
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nk: Figure 18. Calculated performance of syn- 
ga chronous motor—rotor angle versus time— 
x 9 case 3 
oe 
= 5 
aie pam Field A—Suddenly applied torque=220 per cent - 
we 8 : Ks of motor rated torque —0.8 power-factor 


current required by 


motor (motor pulls out of step) 


saturation 
B—Suddenly applied torque=900 per cent 
€s = eq +0.12l rq of motor rated torque —0.8 power-factor 
l=latls motor (motor remains in step) 


118 TRANSACTIONS Botce, Caldwell, Holberg—Synchronous Motors 


ELECTRICAL ENGINEERING 


es 


L.R. LUDWIG 


MEMBER AIEE 


Synopsis: High-voltage oil circuit breakers 
for high-speed operation generally use some 
form of multibreak contact arrangement. 
These breakers perform satisfactorily but 
lack the simplicity of the conventional slower- 
speed two-break construction. The de- 
velopment of an unusually effective multi- 
orifice oil-flow interrupting unit now makes 
it possible to reduce the required number 
of breaks to the point where even three- 
cycle 230-kyv breakers appear practical with 
only two interrupting units per pole. 
High-power laboratory tests on low mag- 
netizing and charging currents, as well as 
short-circuit currents corresponding to 
interrupting ratings of 2,500,000 kwa and 
above, have demonstrated the exceptional 
arc-extinguishing effectiveness and low arc- 
energy dissipation of this multiorifice inter- 
rupter for high-speed oil circuit breakers. 


RESENT-DAY requirements relating 

to the manufacture and operation of 
high-voltage oil circuit breakers demand 
the least use of critical materials and the 
minimum time out of service for inspec- 
tion and maintenance. Modern circuit- 
breaker designs, therefore, must have the 
highest possible interrupting efficiency 
in order to limit the arc-energy dissipa- 
tion during circuit opening with attendant 
deterioration of oil, contacts, and inter- 
rupter parts. Since physical size and 
material usage as well as maintenance 


depend on interrupting efficiency, the 


designer must give primary consideration 
to an improved interrupter in order to 
achieve any essential simplification of 
manufacture and operating procedure. 
In the voltage range from 115 kv to 
230 kv, most oil breakers for eight-cycle 
operation and some for five-cycle time are 
constructed with two interrupters in a 
pole unit}? The mechanical arrange- 
ment is simple, and the potential advan- 
tages associated with an improved inter- 
rupter are to be gained therefore from 


A Miultiorifice Interrupter for 
High-Voltage Oil Circuit Breakers 
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decreased energy release, which leads to 
decreased size and improved performance. 
For three-cycle operation at the higher 
voltages, the structure becomes neces- 
sarily more complicated because higher 
operating speeds are required, and in 
general it has been necessary to utilize a 
multiplicity of interrupting devices and 
contacts in each pole unit.3 

While the multibreak design has shown 
satisfactory performance, a comparison 
between such contacts and the simpler 
structures used in the conventional two- 
break assemblies for eight-cycle operation 
suggests the desirability of reversing this 
trend toward a large number of breaks. 
By making use of newly developed and 
highly effective oil-flow interrupting units, 
it appears practical to build even the 
highest-speed breakers with but two in- 
terrupting units per pole. 

An interrupting function of the high- 
voltage high-speed circuit breaker is the 
interruption of line-charging current 
when little or no load is being carried. 
Operators have expressed concern over 
the possibility of producing high destruc- 
tive overvoltages as a result of restriking 
of the arc within the breaker during such 
operation. Particular attention has been 
paid to the possibility, and test results 
with a new interrupter are shown which 
minimize restriking by prompt effective 
interruption of low currents. 


The Evolution of a New Interrupter 


The problem of high kilovolt-ampere 
interruption under oil has always been 
one of achieving a sufficient rate of de- 
ionization following a current zero, so that 
a high-voltage gradient can be quickly 
withstood across the open contacts with 
the minimum amount of energy dissi- 


Results of typical step-by-step calcula- 
tions are shown on Figures 17 and 18. 
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pated in the arc prior to the current zero. 
Obviously, if means can be found to in- 
crease the volts per inch which can be 
interrupted, then a comparatively simple 
structure employing only two interrupters 
per pole unit is possible, even with the 
short contact separation which can be 
achieved in three cycles. The minimum 
mechanical time required from energizing 
the trip coil until the contacts part on a 
three-cycle breaker is approximately 11/, 
cycles. This means that the maximum 
contact separation must be achieved in 
1'/, cycles, and with reasonable mechani- 
cal speeds the contacts can be parted 
approximately three inches in this time. 
On the basis of two interrupters for 230 
kv, and assuming line to ground of 132 kv 
across a pole unit, the interrupting voltage 
gradient to be achieved therefore must be 
in excess of 22,000 volts per inch. 

The interrupting ability of an oil circuit 
breaker has been attributed to the tur- 
bulence produced within the gas bubble 
formed by the arc when the contacts are 
separated.4 Such turbulence requires 
continuous formation of gas from the oil, 
and intimate association between the arc 
and the walls of oil which define the 
bubble is thus required. In the plain- 
break circuit breaker proximity between 
the arc and the oil walls is not readily 
achieved, since the pressure generated 
within the bubble quickly drives the oil 
away from the arccore. The interrupting 
ability of the plain break has been greatly 
improved by enclosing it in various forms 
of arc-control devices. These devices 
limit the extent to which gases may ex- 
pand within the oil bubble, and therefore 
the pressure within it is increased to such 
an extent that intimate contact between 
the arc and the oil is achieved. These 
pressures, however, also increase the arc 
voltage and the energy dissipated. 

It has been found that the interruption 
can be improved much by flowing oil 
past the arc by separately applying pres- 
sure. This flowing oil stream has the 
beneficial effects of supplying cool oil and 
fresh un-ionized gas to the arc core, and 
of tearing bubbles of spent ionized gas 
away from the region surrounding the 
core. Thus the size of the gas bubble in 
which the arc plays can be limited with- 
out developing excess pressures within it, 
and the desired proximity of oil and arc 
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Figure 1. Oil-flow interrupters for high- 
voltage oil circuit breakers 


Left—Vertical-flow interrupter 
Right—Center-flow interrupter 


can be achieved without high arc energy. 
It has been found also that, if the oil is 
caused to flow vertically along the axis of 
the arc, the disruptive effect of the oil 
stream itself on the arc core will be mini- 
mized. The arc in this case is not 
lengthened or bent about barrier plates; 
its voltage drop and energy loss are there- 
fore low. Nevertheless, at current zero 
the gases formed from the decomposed oil 
are highly turbulent, and deionization is 
exceptionally effective ® 

B. P. Baker has previously described 
a vertical-flow interrupter and its appli- 


Figure 2. Cutaway view showing oil flow in 
multiorifice grid interrupter 


A—Pressure break E—Intermediate contact 
B—Interrupting break F—Oil-flow channel 
C—Upper contact G—Inlet passages 
D—Lower contact H—Exhaust passages 
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cation to oil-poor circuit breakers.6 This 
interrupter consisted of a novel structure 
for developing an oil flow by mechanical 
means, the oil being directed longitudi- 
nally along the arc in a restricted channel 
vented at one end only, as shown in 
Figure la. This device was remarkable 
for the low arc voltage, and therefore low 
arc energy and oil depreciation, asso- 
ciated with the interruption of high short- 
circuit powers exceeding 2,000,000 kva. 
This device was tested both in the labora- 
tory and in the field. 


Experimental tests were made also on a 
center-flow device in which a contact was 
drawn down through a succession of ori- 
fices, while a flow of oil was driven longi- 
tudinally around the contacts and up 
along the are through the orifices and out 
a vent at the top, as shown in Figure 1b. 

Experience with these interrupters 
indicated that a high-voltage gradient 
could be developed only over a limited 
axial distance, because the oil stream soon 
became contaminated with ionized gas 
and was therefore not effective through- 
out the entire length of the interrupter. 
This phenomenon suggested that the ef- 
fectiveness of the device can be greatly 
enhanced by building it in the form of a 
multiplicity of orifices through which the 
are is drawn and through which the oil is 
caused to flow in an axial direction. Ifa 
fresh supply of oil is directed to each ori- 
fice, and if the used gases and oil are 
vented at each orifice, then the high-volt- 
age gradient can be maintained in any 
desired number of inches. Consequently, 
the structure shown in Figure 2 was con- 
structed. In such a structure the arc is 
not unduly disturbed prior to current 
zero, and its length is kept at a minimum. 
The pressures are definitely limited by 
the comparatively large open venting 
atrangement, and at the same time the 
deionization at current zero is extremely 
effective. 


The oil flow can be produced in a num- 
ber of ways, for example, by means of a 
piston which provides the necessary 
pressure. It is also feasible to utilize a 
second are in the same interrupting 
structure which generates gas and thus 
forms sufficient driving pressure to cause 
the oil flow through the orifices and the 
main interrupting arc. This means has 
the advantages of producing a greater 
flow of oil as the current to be interrupted 
is increased. It also does not increase the 
mechanical load as with an oil piston. 
Consequently, the second pressure arc 
has been adopted in conjunction with 
the multiple-orifice structure and provides 
a simple small and efficient over-all inter- 
rupter as shown in Figure 5. 
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Description of the Multiorifice 
Interrupter 


The cutaway view of the multiorifice 
interrupting unit shown in Figure 2 
illustrates the essential features of the 
device. For maximum speed of are rup- 
ture, a pressure break (A) and an inter- 
rupting break (B) are opened simul- 
taneously by raising an upper contact 
(C) and drawing down a moving contact 
(D) away from a relatively stationary 
intermediate contact (£). Gas genera- 
tion by the upper arc places oil under 
pressure and causes it to flow through a 
pair of oil-flow channels (/) to three pairs 
of inlet passages (G). Two pairs of ex- 
haust passages (77) are located between 
the inlets, all channels being separated 
by fiber plates with a central orifice (J) 
in which the arc is drawn. 

The arrows indicate the flow of oil 
which serves to keep the arc centered in 
the orifices, sweeping the arc products 
out of the vents and producing an ex- 
tremely high rate of deionization of the 


t 


Figure 3. 287-kv three-cycle multiorifice 
grid-contact assembly with shields removed 
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arc space at current zero. The design 
lends itself naturally to the selection of 
more or less inlet—orifice-outlet units 
according to the voltage rating. Since 
the oil-flow passages are arranged in 
parallel, the quantity of oil to be set in 
motion by the driving pressure will be 
greater for increased voltage ratings, and 
a longer pressure are is provided to over- 
come the increased pressure drop in the 
vertical oil-flow channels. 7 

For maximum speed and effectiveness 
of arc rupture, the pressure break and 
main interrupting break are opened 
practically simultaneously as shown in 
Figure 4a, although satisfactory slower- 
speed performance is obtained with a 
consecutive sequence of contact parting 
as shown in Figure 4b. With the ar- 
rangement of Figure 4a, five-cycle opera- 
tion is obtained with normal contact 
speed sufficient to give adequate contact 
separation in 21/2 cycles. In order to 
obtain three-cycle operation, either four 
grids per pole unit may be used, or the 
contact speed may be increased to give 
longer separation in 11/2, cycles, and two 
grids may be used. In this case. heavier 
construction must be incorporated into 
the grids to withstand somewhat higher 
pressures. The pole-unit levers also must 
be made heavier in order to stand the 
higher operating speeds and the effects of 
heavier accelerating springs. This higher 
contact speed can be obtained by increas- 
ing the breaker lift-rod speed and by 
operating the grid contacts through a 
multiplying lever system, so that the con- 
tact speed exceeds that of the lift rod 
A multigrid assembly for three-cycle 
operation at 287 kv has been built and 
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Figure 4.  Multi- 
orifice grids for 230- 
kv five-cycle breaker 
and 138-kv eight- 
cycle breaker 


Left—230-kv  five- 
cycle breaker multi- 
orifice-grid assembly 
Right-—138-kv eight- 
cycle breaker multi- 
orifice-grid assembly 


tested with six units in series per pole. 
Three of these multiorifice grids are shown 
in Figure 3, arranged with a side operating 
rod for actuating all contacts simul- 
taneously. 

In the grids shown in Figures 4a and 5, 
an insulating operating rod along the side 
of each contact assembly is attached to a 
rocking arm which operates the contact 
in the pressure chamber at the top of the 
grid unit. Clamped between the upper 
and lower contacts in the closed position 
is the intermediate contact which sepa- 
rates the pressure and interrupting cham- 
bers. The operating rod is raised during 
the closing operation by the bridging 
contact crossbar which also carries the 


Figure 5. 230-kv five-cycle multiorifice grid- 
contact assembly with shield removed 
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(a). Old design with six 
radial field grids 


(6). Design with four multi- 
orifice grids 


(c). New design with two 
multiorifice grids 


Figure 6. Evolution of 230-kv three-cycle 
breaker designs for 2,500,000 kva 


lower moving contact. This contact is 
withdrawn from the grid in the open posi- 
tion to provide electrical isolation. An 
accelerating spring is compressed during 
closing, as are the contact springs, and 
both provide initial acceleration. On 
opening, the main lift rod is tripped, and 
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(b). 230-kv breaker—2,500,000 kva four 
grids—132 kv to ground single phase 


Figure 7. Maultiorifice-grid performance in 
three-cycle high-voltage breakers 
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the bridging crossbar drops away from 
the grids carrying the lower contact. 
The upper contact opens simultaneously, 
and the arc is extinguished just before the 
crossbar leaves the grid to provide an 
insulating disconnect break in clear oil. 
Voltage distribution is provided by re- 
sistors, while the voltage gradient in the 


Table |. 287-Kv Three-Cycle Breaker Data— 

3,500,000 Kva (7,000 Amperes) 
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Single Phase—60 Cycles 
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B. Three Grids (One-Half Pole)—198 Kv to 
Ground—Single Phase—60 Cycles 
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C. One Grid (One-Sixth Pole)—33 Ky to Ground— 
Charging Current—60 Cycles 
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CONTACTS: 
PART __ 


: 


RECOVERY. VOLTAGE 


(2) 


Figure 8. Oscillograms of short-circuit tests 
on three-cycle multiorifice grid breakers 


(a). Six grids, 4,680 amperes, 198 kv to 
ground 
(b). Six grids, 7,020 amperes, 198 kv to 
ground 
grids, 162 amperes, 132 kv to 
ground 
(d). Four grids, 8,300 amperes, 132 kv to 
ground 
(e). Cathode-ray oscillogram of same test 
as 8c 


(c). Four 


neighborhood of metallic parts is relieved 
by well-rounded metallic shields. 

Figure 6 shows schematically the re- 
sults which have been achieved. In 6a 
the earlier form of 230-kv three-cycle grid 
arrangement using six grids is illustrated. 
In 6b by using the multiorifice design, it 
has been possible to obtain very short 
arcing time over the entire current range 
with only four grids. In 6c two grids 
only are shown for the same purpose, and 
tests indicate their adequacy for future 
breaker designs. 


Resistors for Voltage Control 


A resistor assembly 
graphite-impregnated molded blocks 
mounted in a fiber tube is connected 
across each multiorifice grid stack, pri- 
marily for the purpose of improving the 
division of voltage among the series 
interrupters.* Figure 15 shows a group 
of curves indicating the calculated divi- 


consisting of 
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Table ll. 230-Kv Three-Cycle Breaker Data— 
2,500,000 Kva (6,300 Amperes) 


Interrupted Main Inter- 
Current Arcing Gap rupting 

Test (RMS Time Per Grid Time 
No. Amperes) (Cycles) (Inches) (Cycles) 


A. Four Grids in Series—132 Kv to Ground— 
Single Phase—60 Cycles 
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B. Four Grids in Series--198 Ky to Ground— 
Single Phase—60 Cycles 
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sion of voltage between the contact as- 
the high potential and 
grounded terminals of a typical high- 
voltage steel tank breaker as a function 


semblies on 


of the parallel resistance value for various 
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performance—two grids—132 kv to ground 
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9400 
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fe. (A) 


(a). Two grids, 260 am- 
peres, 132 kv to ground 


(b) 


(6). Two grids, 9,400 am- Ke); 
peres, 132 ky to ground 
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0.85: mf 


A 


‘ 4290 AMPERES (25%) 


Two grids, 4,290 am- 
peres, 82.5 kv to ground 


Figure 10. Oscillograms of tests on 230-kv five-cycle multiorifice grid breaker 
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performance—two grids—88 ky to ground 


natural frequencies of the transient re-. 


covery voltage. The combination of re- 
sistance and capacitance involved causes 
the voltage across the two contact as- 
semblies to be out of phase with each 
other, and thus the corresponding per- 
centages add up to somewhat more than 
100 per cent. The resistance value 
selected for a 287-kv multiorifice grid 
design was 360,000 ohms per breaker 
terminal, giving according to Figure 15 as 
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b=.) (a) 


(a). Two grids, 1,340 am- (b). 
peres, 88 kv to ground 


CONTACTS PART 


Two grids, 5,750 am- (): 
peres, 88 kv to ground 


good or better distribution than with 
capacitance shielding’ for all frequencies 
up to about 2,000 cycles per second. It 
should be noted that, after the high- 
frequency transient has been damped out, 
the normal-frequency voltage will be 
divided 50 per cent—50 per cent by the 
resistance. During the interruption of 
charging currents the voltage distribution 
is better with resistance dividers than 
with capacitance shielding, since the 
voltage builds up across the breaker con- 
tacts at normal frequency. Proper volt- 
age distribution during the interruption 
of charging currents forces each grid to 
bear its full share of restored voltage. 
Thus the resistor in combination with 
sufficient contact speed and oil driving 
power quickly brings the total dielectric 
strength of all grids sufficiently high to 
prevent continued restrikes which might 
multiply the transient overvoltage. A 


liberal and quickly achieved contact 
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10,200 AMPERES 


(c) 


Two grids, 10,200 am- 
peres, 88 kv to ground 


Figure 12. Oscillograms of tests on 138-kv eight-cycle multiorifice grid breaker 
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Table Ill. 230-Kv Five-Cycle Breaker Data— 
2,500,000 Kva (6,300 Amperes) — 


Inter- 
rupted Main 
Current Arcing Gap 
(RMS Time Per Interrupting 
Test Am- (Cy- Grid Time 
No.  peres) cles) (Inches) (Cycles) 


A. Two Grids in Series—132 Ky to Ground— 
Single Phase—60 Cycles 
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B. Two Grids in Series—82.5 Ky to Ground— 
Single Phase—25 Cycles 
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separation for the oil driving arc has been 
found to provide good driving pressures 
even with low currents. 

Lower values of ohmic resistance have 
been tried experimentally but appear un- 
necessary with this type of grid. Re- 
sistors low in ohmic value are rather 
bulky to be able to handle the high E?/R 
power losses even for time intervals of 
only a few cycles. 

Another advantage obtained with even 
a moderately high value of resistance in 
parallel with the interrupter is the reduced 
voltage gradient along the insulation with 
the contacts in the open position. The 
effect of the resistance connection is to 
keep both ends of the contact assembly 
at the same potential while the disconnect 
gap is open. Large well-rounded shields 
grade this potential off into the oil. 


Discussion of Test Data 


The curves in Figure 7 show the inter- 
rupting time as a function of interrupted 
current for a three-cycle 287-kv six-unit 
multiorifice grid breaker tested at 198 kv 
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Figure 13. 230-kv three-cycle circuit-breaker 
performance—two grids—132 kv to ground 
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CONTACTS 
PART. 


JIN 


aa 
./ 360 AMPERES 
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(a). 


(a). Two grids, 360 am- (b). 
peres, 132 kv to ground 


3950 AMPERES 
Two grids, 3,950 am- 
peres, 198 kv to ground 
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(c). 


(c). Two grids, 9,350 am- 
peres, 132 ky to ground 


Figure 14. Oscillograms of tests on 230-kv three-cycle multiorifice grid breaker 


to ground single-phase, and a three-cycle 
230-ky four-unit breaker tested at 132 kv 
to ground. The first curve, Figure 7a, 
covers a current range from 14 amperes to 
7,000 amperes at a voltage 20 per cent 
above the normal line-to-ground potential 
on a 287-kv system. The test at maximum 
current is a direct demonstration of the 
ability to meet a 3,500,000 kva inter- 
rupting-capacity rating. The interrupt- 
ing time was less than three cycles for all 
currents above 210 amperes (six per cent 
of rating), and did not exceed 3.8 cycles 
at any current. Table I contains test 
data for the curve in Figure 7a as well as 
test data with the full 198 kv across only 
one-half the pole unit of three grids in 
series. This demonstrates a 100 per cent 
factor of safety in voltage interrupting 
ability. Also included in the table are 
charging-current interrupting tests with 
one-sixth voltage, or 33 kv, across one 
of the six multiorifice grids in series with 
a capacitor bank in the laboratory. A 
current range from 8 to 96 amperes was 
available; all interruptions took place in 


Table IV. 138-Kv Eight-Cycle Breaker Data 
—2,500,000 Kva (10,500 Amperes) 


Arcing 
Interrupted Time Main Inter- 
Current Both Gap rupting 
Test (RMS Gaps Per Grid Time 
No. Amperes) (Cycles) (Inches) (Cycles) 


Two Grids in Series—88 Ky to Ground—Single 
Phase—60 Cycles 
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less than three cycles. Part C of Table I 
shows that the maximum voltage across 
the interrupter during these tests did not 
exceed 192 per cent where the normal 
crest voltage is taken as 100 per cent. 

The second curve, Figure 7b, covers a 
current range from 30 amperes to 8,300 
amperes at normal line-to-ground voltage 
for a 230-kv system, the maximum cur- 
rent corresponding to a three-phase short 
circuit of 3,300,000 kva. The maximum 
interrupting time in the low-current 
range was only 3.4 cycles. By simply 
increasing the mechanical speed of con- 
tact opening, a flat three-cycle character- 
istic can be obtained over the entire cur- 
rent range. Table II includes not only 
test data at 132 kv to ground, but also at 
50 per cent higher voltage or 198 kv to 
ground, 
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Figure 15. Calculated voltage distribution as 
a function of parallel resistance for different 
frequencies of transient recovery voltage 


Representative oscillograms for these 
three-cycle multiorifice grid breakers are 
shown in Figure 8, including a cathode- 
ray oscillogram of one of the low-current 
tests showing that no greater than normal 
amplitude in the recovery-voltage tran- 
sient is obtained. 

Figure 9 gives a curve of interrupting 
performance for 230-kv simultaneous- 
contact-parting multiorifice grids of the 
type illustrated in Figure 5a for five- 
cycle rating. The maximum current 
interrupted was 9,800 amperes at 132 kv, 
over 50 per cent above the rated inter- 
tupted capacity. The remarkable ease 


(a) 


(a). Upper, intermediate, lower contacts 


(b) 


(6). Inlet, orifice, and vent plates 


Figure 16. Multiorifice grid parts after interrupting tests 
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with which such heavy short circuits are 
cleared gives evidence of the low arc 
voltage and the energy of the multiorifice 
interrupter. This is especially important 
for 25-cycle application where the arcing 
time tends to be slightly longer than at 
t 60 cycles, because of the greater time 
_ interval before a current zero occurs at 
: which the contacts are parted sufficiently 
_ tointerrupt. Table III includes not only 
data at 132 kv 60 cycles, but also at 82.5 
kv 25 cycles. Oscillograms of represen- 
tative low- and high-current tests are 
shown in Figure 10. 

The interrupting performance of the 
eight-cycle consecutive-contact-parting 
multiorifice grids for 138 kv, as illus- 
trated in Figure 5b, is shown by Figure 
11. The current range covered was from 
16 amperes to over 10,000 amperes at 88 
kv to ground, or 15 per cent above normal 
line-to-ground voltage. Data are given 
in Table IV, and oscillograms for three 
tests are shown in Figure 12. The sim- 
plicity of contact structure makes this 
design very attractive for application 
where high-speed operation is not essen- 
tial. 

It has been pointed out earlier in the 
paper that the ultimate of three-cycle 
operation at 230 kv with only two units 
per pole has been demonstrated to be a 
practical possibility. Using a pair of 
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multiorifice grids similar in operation to 
the one shown in Figure 5a but equipped 
with a multiplying linkage for operating 
the lower moving contacts at high speed, 
the results shown in Figure 13 were ob- 
tained. Currents from 30 to 9,300 am- 
peres at 132 kv to ground single phase 
were interrupted satisfactorily. All short 
circuits above 210 amperes were cleared 
within three cycles. Data are given in 
Table V not only at 132 kv but at 198 kv 
to ground single-phase, and Figure 14 
includes three representative  oscillo- 
grams. 


All interrupting tests were made in the 
high-power laboratory described by 
MacNeill and Batten® last year. The cir- 
cuit voltage-recovery rates during the tests 
were quite high since the breakers were 
connected to the transformers with short 
cable lengths. All tests at 132 kv were on 
a circuit having a maximum circuit volt- 
age-recovery rate of 3,500 volts per 
microsecond. At 198 kv the correspond- 
ing rate was 5,500 volts per microsecond. 

An examination of all oscillograms 
‘shows not only short arcing time but very 
low are voltage. The energy dissipated 
in the new interrupter where two grids 
are used for five-cycle operation is ap- 
proximately one third to one half of that 
commonly considered acceptable in pres- 
ent-day interrupters. For three-cycle 
operation at 230 kv, the reduction in the 
number of interrupters lowers the total 
energy dissipation to approximately one 
fourth that of current designs. 

There is a complete absence of demon- 
stration during interruption. Measure- 
ments of tank pressure with two multi- 
orifice grids show maximum pressure im- 
pulses of only 60 pounds when interrupt- 
ing high currents of approximately 10,000 
amperes. 

Multiorifice grids have been tested for 
large numbers of consecutive high-current 
interrupting tests. Examination of the 
parts after such tests shows very little 
burning and erosion of the orifice plates 
or other grid parts. For example, Figures 
16a and 16b show several orifice plates 
and contacts taken from a grid which had 
withstood 22 interrupting tests from 200 
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to 10,000 amperes. All but eight of these 
tests were above 3,000 amperes, 


Conclusions 


A multiorifice type of interrupter has 
been found to have excellent interrupting 
ability in the high-power laboratory. Its 
arc-energy dissipation is markedly lower 
than with present interrupters. In the 
230-kv three-cycle field the greatest im- 
provements are possible, because the 
number of interrupters per pole unit can 
be reduced from six to two. 


The interruption of low currents is 
achieved with short arcing time by this 
interrupter, and means have been intro- 
duced into its design to restrict over- 
voltages due to restriking. 


A saving in critical materials is made 
possible by the use of this interrupter 
which is consistent with the current war 
effort. 
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Substation- I ransformer 


Emergency Overloading Practice 


L. W. CLARK 


MEMBER AIEE 


Synopsis: Although much has been written 
in recent years regarding allowable over- 
loading of transformers, the practical mat- 
ter of matching existing load curves with 
such allowable limits has continued to pre- 
sent some difficulties. The interim report 
of the AIEE transformer subcommittee 
gives one approach to the problem, taking 
into account the ambient temperature and 
the duration of the overload. However, in 
order to take full advantage of the trans- 
former’s inherent load-carrying ability, it is 
necessary to consider additional factors such 
as the individual transformer characteristics 
and the specific shape of the overload curve. 

This paper shows a method by which all 
of the influencing factors can be taken into 
account easily. Allowable overloads thus 
determined are often considerably higher 
than those indicated by the AIEE method. 
The application of the proposed method is 
sufficiently simple to justify a semiannual 
analysis of expected overloads with respect 
to substation-transformer emergency rat- 
ings. It consists in 


1. Determining the allowable 24-hour steady over- 
load that can be carried by the transformer without 
exceeding certain agreed-upon limits. 


2. Converting the specific load curve to a 24-hour 
steady load which would cause equal aging of the 
trausformer insulation. 


In this manner both the transformer load- 
carrying ability and the actual irregular 
load are reduced to a common basis for 
ready comparison. A 24-hour overload 
period is ordinarily of ample duration to al- 
low for replacement or repair of faulty 
equipment. 

Nomographs are included for quick de- 
termination of allowable transformer 24- 
hour overloads, taking into account ambient 
temperature, top-oil rise, average copper 
rise, and ratio of copper to core loss. Em- 
pirical multipliers are also given which 
facilitate the conversion of the load curve 
to equivalent 24-hour steady load in no more 
time than it would take to calculate load 
factor. 


LLOWABLE overloading of trans- 
formers during emergency conditions 
has received considerable attention dur- 
ing recent years, and many valuable 
papers on the subject have appeared in 
the technical literature. The object of 
this paper is to describe the method de- 
veloped by The Detroit Edison Company 
for determining the allowable emergency 
overloading of substation transformers. 
In any consideration of allowable 
transformer overloading, there are three 
factors which must be taken into account: 
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namely, the magnitude of the overload, its 
duration, and its frequency of occur- 
rence. The magnitude of the overload 
is dependent upon the number of trans- 
former units in a substation, the duration 
is dependent upon the time required for 
replacement or repair of faulty equip- 
ment, and the frequency of occurrence 
must be obtained from experience records. 


MAGNITUDE OF OVERLOAD 


Many substations consist of two or 
more transformers, or transformer banks, 
of equal size arranged in such a way that 
each may carry a normal day-to-day load 
of a value somewhere near its name-plate 
rating. When a transformer fails, or other 
trouble develops causing that unit to be 
shut down, it is obviously desirable that 
the remaining units of the substation have 
sufficient overload capacity to carry the 
entire load until the defective unit can 
be replaced or other trouble repaired. 
This means in the case of a substation 
having only two transformer units, it 
would be highly desirable that each unit 
have an emergency rating equal to about 
twice its allowable day-to-day loading. 
Where there are three or more trans- 
former units in the substation, the emer- 
gency rating of each can be correspond- 
ingly lower. 

There are also many suburban-type 
substations each consisting of a single 
bank of three single-phase transformers, 
connected in delta delta. In case of fail- 
ure of one of these transformers, it is 
customary to cut it out of service, leav- 
ing the remaining two to carry the load 
in open delta until the defective trans- 
former can be replaced. In these cases 
the emergency rating of the transformers 
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should be about 70 per cent greater than 
their allowable day-to-day loading. 


DURATION OF OVERLOAD 


It is the practice of the company to 
keep a limited number of emergency 
spare transformers of appropriate sizes 
at strategic locations for use in the event 
of failure of operating units. Experience 
has shown that a defective transformer, 
other than a very large unit such as in- 
stalled at bulk power step-down stations, 
can usually be replaced with a spare 
within about 24 hours. 


FREQUENCY OF OCCURRENCE 


Substation records indicate that trans- 
former failures can be expected about once 
every 16 years per substation. If the 
transformer is radially fed by under- 
ground cable, the expectancy of cable 
failure must also be taken into account; 
likewise, any other failures that may re- 
sult in the loss of a transformer from the 
system must be considered. Conse- 
quently, it has been assumed that, all 
things considered, any one transformer 
unit may be subjected to emergency op- 
eration not oftener than about once every 
five or ten years. 


NEED FOR SIMPLE METHOD 


In much of the technical literature on 
the subject of transformer overloading 
it has been the practice to express allow- 
able emergency overloads in terms of 
steady loads of given durations following 
either a period of no load or a period of 
fullload. The recent interim report of the 
AIEE transformer subcommittee, dated 
June 22, 1942, follows this same plan. 
While this defines the load-carrying 
ability of the transformer in quite specific 
terms, the expression is not wholly com- 
patible with the irregular shape which 
characterizes the majority of actual load 
curves. 


By means of the so-called rigorous 
method, based upon the generally ac- 
cepted theory governing transient changes 
in oil and copper temperature with chang- 
ing transformer load, it is possible to 
determine whether it is feasible to carry 
an overload of any given shape and mag- 
nitude. While this method is useful in 
checking isolated cases, it is far too cum- 
bersome and time consuming for routine 
application in connection with hundreds of 
transformer installations. 

The method described in this paper is 
comparatively simple and its application 
requires little time. It consists in first 
expressing the allowable transformer 
overload in terms of a steady 24-hour 
load, and then converting the potential 
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Rethived curve to a steady 24-hour load 
of such magnitude that it will cause the 
same insulation aging as the irregular 
“curve. Thus the transformer capabilities 
and the potential overload are reduced to 
‘a common basis for ready comparison. 


Allowable Emergency Transformer 
Overloading 


\ 


The well-known “eight-degree rule,” 
_ which states that the rate of insulation 
aging doubles for each eight degrees 
centigrade increase in temperature, has 
been generally accepted as a rough meas- 
ure in determining the life of transformer 
insulation under varying temperature 
conditions. There are fairly wide vari- 
ations from the strict application of the 
tule, as shown by tests of F. M. Clark.! 
There is also no definite generally ac- 


PERMISSIBLE RATING IN PER CENT OF RATING 
OF “STANDARD” TRANSFORMER WITH 55C RISE 


ie) 20 40 60 80 100 
PERCENTAGE OF TRANSFORMERS 


Figure 1. Variation in load-carrying ability of 
126 substation transformers ranging in size 
from 100 to 10,000 kva 


cepted bench mark from which to start. 
L. C. Nichols? shows 11/3 years’ life for 
105 degrees centigrade temperature com- 
pared with V. M. Montsinger’s* seven 
years’ life for the same temperature. 

In the practice adopted by The Detroit 
Edison Company, the allowable emer- 
gency overload capacity of transformers 
has been based upon the “eight-degree 
rule’ and Nichols’? life curve including 
safety factor. Montsinger’s* curve could 
have been used just as well. No brief is 
held for either curve; both are based on 
the ‘‘eight-degree rule,” and neither au- 
thority claims to foretell with any degree 
of accuracy the actual transformer life. 
By following either curve and using a 
reasonable hot-spot temperature as a 
guide, all transformers can be treated 
alike and subjected to a uniform degree 
of insulation aging during emergencies. 

On the basis that the emergencies 
occur only once in five or ten years and 
last for a single 24-hour load period, it 
was thought reasonable to allow one per 
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cent life consumption for each 24-hour 
emergency. This was found on Nichols’ 
curve to correspond to a hot-spot tem- 
perature of 120 degrees centigrade for 
24 hours, which was considered to be a 
reasonable average value provided that: 


1. The maximum hot-spot temperature never ex- 
ceeds 150 degrees centigrade. 


2. The maximum top-oil temperature never ex- 
ceeds 115 degrees centigrade. 

Investigations showed that with the 
worst conditions expected to be encoun- 
tered these upper limits would not be 
exceeded. As an over-all rule it was de- 
cided that under no conditions should the 
peak load on a transformer be allowed to 
exceed 200 per cent of name-plate rating. 


VARIATIONS IN TRANSFORMERS 


Experience indicates that there is con- 


siderable variation in temperature rise 


and corresponding load-carrying ability 
between different transformers of the 
same name-plate rating. One can well 
afford to take advantage of this extra 
marginal capacity. Figure 1 shows the 


‘variation in load-carrying ability of 126 


substation transformers ranging in size 
from 100 to 10,000 kva. The 126 trans- 
formers are compared with a ‘‘standard”’ 
55 degree centigrade rise transformer 
having a 45 degree centigrade top-oil 


- rise and a ratio of full-load copper loss to 


iron loss of two. It is seen that about 50 
per cent of the transformers studied per- 
mit five per cent greater continuous loads 
than the 55 degrees centigrade trans- 
former and, that five per cent of the trans- 
formers permit 13 per cent greater con- 
tinuous loads without exceeding the 
allowable temperature limits. 

The transformer variables which de- 
termine the amount of overload that can 
be carried without exceeding a given 
hot-spot temperature rise are top-oil rise, 
average copper rise, and ratio of copper 
loss to core loss. The ambient tempera- 
ture then fixes the actual hot-spot tem- 
perature and resultant insulation aging. 
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AMBIENT TEMPERATURES 


United States Weather Bureau statis- 
tics for the Detroit area show that summer 
(May through October) ambient tem- 
peratures seldom exceed 35 degrees 
centigrade. Similarly, for winter (Decem- 
ber through February) there are a few 
days with ambient temperatures as high 
as 13 degrees centigrade. On the basis 
of these records the summer and winter 
ambient temperatures selected for estab- 
lishing allowable emergency transformer 
loading were 35 degrees centigrade and 
13 degrees centigrade, respectively. 


NOMOGRAPHS 


As a means for determining quickly the 
allowable 24-hour emergency loading of 
transformers for the chosen ambient 
temperatures, the nomographs shown in 
Figures 2 and 3 were developed. They 
are based on the following generally ac- 
cepted fundamental relationship: 


1+ NR? \9.8 
Tem Py ( oF ) a hake el, (1) 


where 


Ty;=hot-spot temperature, degrees centi- 


grade 

T,=top-oil rise at full load, degrees centi- 
grade 

N=ratio of copper loss to core loss at full 
load 


R=ratio of load to name-plate rating 
T.4=copper rise above top oil at full load 
plus ten degrees centigrade allowance 
for hot-spot differential, degrees centi- 
grade 
T,=ambient temperature, degrees centi- 
grade 


To demonstrate the use of the nomo- 
graphs, two examples are shown in dashed 
lines for self-cooled transformers, A and 
B, having the characteristics shown in 
Table I. 


Figure 2. Nomograph for determining allow- 
able summer emergency overload capacity of 
self-cooled transformers 
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Table | 


eo 


Transformer A Transformer B 


Name-plate rating. .500 kva . 1,500 kva 

Copperilogs W4i.'s.alie 4,070 watts ...10,850 watts 

Gorenlossai en. scestes st 1,750 watts ...4,296 watts 

IN Stets inter c arete vice ce 2.32 meebo 

Top-oil rises ccccs a 41.5 degrees. ..35.2 degrees 

centigrade centigrade 

Average copper,.9.5 degrees...6.0 degrees 
rise above top centigrade centigrade 
oil 

Weight of core and. .3,200 lb . -9,700 Ib 
coils 

Weight of tank..... 1,600 lb . 4,950 Ib 

Weight of oil....... 2,200 Ib . 6,050 Ib 


The procedure consists of first locating 
the point of intersection of a vertical line 
from the upper scale of top-oil rise with a 
horizontal line of the proper N value. 
Then line up a straight edge between this 
point and the top-oil rise on the bottom 
scale. With the straight edge held in this 
position, its intersection with the curve 
for the proper copper rise above oil deter- 
mines the allowable 24-hour steady load. 
This value, expressed as per cent of name- 
plate rating, is read by projecting the 
point of intersection horizontally to the 
scale on the left. 

From the nomographs for summer and 
winter conditions, the allowable 24-hour 
steady overloads for the two examples are: 


<== 


Transformer A Transformer B 
(Per Cent) (Per Cent) 


Load-Curve Conversion 


As stated before, it is difficult to com- 
pare an irregular-shaped overload curve 
with values of allowable transformer over- 


Top-Oil Rise At Full Load,C 
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170 


loads. However, by converting the actual 
overload curve to an equivalent steady 
aging load, it can be compared directly 
with the allowable 24-hour steady load 
previously determined for the trans- 
former. To do this, the 24-hour day is 
divided into three parts: morning, after- 
noon, and evening. An average load is 
obtained for each of these periods in the 
following manner. The average of the 
three highest consecutive hourly readings 
any time between midnight and noon is 
designated as the average morning load. 
The average of the three highest consecu- 
tive hourly readings any time after noon 
and up till 9 p.m. is designated as the 
average afternoon load. The average of 
the three highest consecutive hourly read- 
ings any time between the selected after- 
noon readings and midnight is designated 
as the average evening load. There is no 
fixed time for dividing afternoon from 
evening. The three groups of consecutive 
hours should be so selected that the re- 
sultant: equivalent aging load obtained 
by substituting the three average loads in 
the following formula is a maximum: 


where 


EAL=equivalent steady aging load 

Imin=the smallest of the three average 
loads 

Lint =the intermediate of the three average 
loads 

Lmax = the largest of the three average loads 


Three general examples are shown: 
Figure 4 for typical industrial winter 
load, Figure 5 for typical combined in- 
dustrial and residential summer load, 
and Figure 6 for typical residential sum- 
mer load. In each of these figures, curve 
2 is the equivalent steady aging load 
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LOAD IN PER CENT OF NAME-PLATE RATING 


HOT-SPOT TEMPERATURE —C 


Figure 4. Typical industrial winter load and 
allowable emergency overload of trans- 
former A 


1. Potential winter emergency transformer 
overload based on existing substation load, 
per cent 
9. Equivalent steady aging load of curve 1, 
per cent 
3. Allowable 24-hour steady winter over- 
load of transformer A, per cent 
4. Maximum allowable winter overload, per 
cent 
5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 


corresponding to the potential irregular- 
shaped overload, curve 1. 

Considering the industrial winter load, 
curve 1 of Figure 4, the 9, 10, and 11 
o'clock readings are averaged to give an 
average morning load of 123 per cent of 
name-plate rating of the transformer 
carrying the load during the emergency. 
Similarly, the 1, 2, and 3 o'clock readings 
give an average afternoon load of 129 per 
cent and the 4, 5, and 6 o’clock readings 
give an average evening load of 98 per cent 
of name-plate rating. 

Then, according to formula 2. 

EAL=0.10X98 per cent+0.30X 123 
per cent+0.52X129 per cent=114 per 
cent of name-plate rating as shown by 
curve 2 in Figure 4. Thus, this particular 
load which has a peak of 131 per cent 
will cause the same amount of transfor- 
mer aging as a steady 24-hour load of 
114 per cent. 

Assuming that this overload is to be 
carried by transformer A previously re- 
ferred to, its allowable emergency over- 
load capacity, 146 per cent, has been 
shown in Figure 4 as curve 3. A com- 
parison of these two values, 114 per cent 
and 146 per cent, indicates that the trans- 
former has ample overload capacity under 
these conditions. 

The maximum load of the shape shown 
by curve 1 in Figure 4 that can be carried 
by the transformer is obtained readily by 
direct proportions and is shown by curve 
4. In other words, the maximum peak 
load that can be carried by the trans- 
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former under these Pendidons is the peak 
of curve 1, 131 per cent, multiplied by the 
, 146/114 which gives 168 per cent 
in terms of name-plate rating. So 


a for transformer A. 


tonnes B, and, correspondingly, 
_ curves 4 and 8 show the transformer capa- 
bilities to be compared respectively with 
the potential load curve 1 and its equiva- 


~Accuracy or Metuop 


The load-curve conversion method de- 
scribed above, which may be referred to 
as the short-cut method, is intended only 
for use with load factors in the usually 
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Figure 5. Typical industrial-residential sum- 
mer load and allowable emergency overload 
of transformer B 


1. Potential summer emergency transformer 
overload based on existing substation load, 
per cent 
2. Equivalent steady aging load of curve 1, 
per cent 
3. Allowable 24-hour steady summer over- 
load of transformer B, per cent 
4, Maximum allowable summer overload, per 
cent 
5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 


encountered range of 50 to 90 per cent. 
The great majority of load curves fall in 
this range. When a load has 90 per cent 
or better load factor, it is probably safest 
to assume it to be a continuous round-the- 
clock load. Such loads are usually typical 
of electrochemical plants, oil refineries, 
ice plants, and other similar industries 
not too frequently encountered. 

The accuracy of this short-cut method 
has been checked by comparison with the 
rigorous method in which it has been as- 
sumed that the hot-spot temperature rise 
of copper over top oil varies as the square 
of the load, that the hot-spot differential 
is ten degrees centigrade at full load, and 
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that the top-oil rise under transient load — 


conditions varies in accordance with the 
following generally accepted formula: 


_Wt 
6=0,(1—e Cu) (3) 


where 


@=top-oil rise at end of time t 
W = total losses 
C=thermal capacity of core and coils, tank 
and oil 
6, =ultimate oil rise (varying as 0.8 power 
of losses for self-cooled transformers) 
e=2.718 
t=time 


The three examples given in Figures 
4, 5, and 6 show hot-spot temperatures, 
curve 5, calculated in the above manner 
for the 24-hour allowable emergency 
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Figure 6. Typical residential summer load and 


allowable emergency overload of trans- 
former B 


1. Potential summer emergency transformer 
overload based on existing substation load, 
per cent 
2. Equivalent steady aging load of curve 1, 
per cent 
3. Allowable 24-hour steady summer over- 
load of transformer B, per cent 
4. Maximum allowable summer overload, per 
cent 
5. Hot-spot temperature corresponding to 
overload curve 4, degrees centigrade 


loads, curve 4, determined by the short- 
cut method. The hot-spot temperatures 
converted to insulation aging and per 
cent life consumption indicate errors of 
—1.6 per cent, —2.0 per cent, and + 2.0 
per cent in allowable peak loads for 
the three examples cited. In most cases 
it will be found that the short-cut method 
gives results accurate to within plus or 
minus five per cent in allowable loads. 


Loap-Factor METHOD 


It has been suggested at times that load 
factor be used in determining the ability 
of a transformer to carry a given overload. 
In general, the lower the load factor, the 


Clark—Substation-Transformer Emergency Overloading 


higher the allowable peak'load; however, 
there are such wide variations in allow- 
able peak loads for curves of equal load 
factor but different shape, that load fac- 
tor alone cannot be used as a reliable 
indicator. For instance, Figure 7 presents 
plotted data showing the range of allow- 
able peak load values for 240 different 
load curves of various shapes and load 
factors, each of which has equal aging 
effect on the transformer insulation. It is 
seen, for example, that for load curves 
having approximately 60 per cent load 
factor, the allowable overloads range 
from 11 per cent to 43 per cent of the 
equivalent steady load. Montsinger* 
has presented similar conclusions and 
stated that two load curves, each with 50 
per cent load factor, may vary in allow- 
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Figure 7. Range of peak load values for 240 

different load curves of various shapes, each of 

which has equal aging effect on the trans- 
former insulation 


able overload from 16 per cent to 40 per 
cent on the basis of equal aging. 


Routine Application of Method 


It has been company practice for a good 
many years to obtain transformer load 
readings from recording ammeters at 
unattended substations and from opera- 
tors’ log sheets of hourly load readings at 
attended substations. It was the custom 
to obtain summer and winter peak loads 
from these records and, with some rough 
regard to the number of hours of peak 
load duration, to establish firm ratings 
for each substation. 

In 1939 the short-cut load-conversion 
method of analyzing load curves was 
developed and put into practice. This 
permitted substation firm ratings to be 
increased materially with safety, because 
it insured uniform treatment of all trans- 
formers, irrespective of the shape of the 
load curve. Without this assurance of 
equal treatment and close control, large 
factors of safety were necessary to insure 
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safe operation of the poorest transformer 
in combination with the most severe load 
curve of any general class. The applica- 
tion of this new method requires some 
additional effort when the load curves are 
analyzed, but this effort has proved to be 
more than justified in view of the in- 
creased substation firm ratings thus es- 
tablished. 

Figure 8 is typical of the continuing 
records kept for all substations. Dexter 
substation is of the suburban type and 
consists of three 333-kva transformers 
connected in closed delta. Under emer- 
gency conditions there would be two 
transformers operating in open delta with 
a combined name-plate capacity of 577 
kva. Since 1939, the allowable summer 
peak load has ranged between 151 and 
158 per cent of emergency name-plate 
capacity and the allowable winter peak 
load between 187 and 197 per cent, indi- 
cating some slight change in the shape 
of the load curve from year to year, In 
this particular case, the summer load is 
the limiting condition as evidenced by the 
per cent usage which has increased from 
69 per cent in 1939 to 105 per cent in 
1942, as compared with an increase of 
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winter usage from 58 to 86 per cent. 
If the load continues to grow in that com- 
munity, the 105 per cent usage for the 
summer of 1942 indicates that a trans- 
former change is probably needed before 
the summer of 1943. 

In such cases the short-cut load-con- 
version method is verified by the more 
accurate rigorous method to be sure that 
the change is needed in fact. Compara- 
tive calculations of this type, including 
those made during the development of the 
short-cut method, show an average error 
of 0.6 per cent for some 32 cases. In one 
case the error was 9 per cent on the low 
side, in two cases 5.5 per cent on the high 
side, and in all other cases it was well 
within the expected plus or minus 5 per 
cent. 

While not within the scope of this 
paper, mention should be made that all 
substation equipment—not just trans- 
formers alone—must be considered when 
studying allowable overloads. Circuit 
breakers, busses, disconnecting switches, 
and all such equipment must receive due 
consideration. 


Figure 8. Typical record of substation loading 


Installed Name Plate Rating 


Auxiliary Cooling to Increase 
Emergency Rating 


As stated before, the need for the high- 
est emergency rating is in those substa- 
tions having only two transformer units. 
Even by working the transformers to the 
24-hour, 120 degrees centigrade hot-spot 
limit, the emergency rating may still be 
inadequate as compared with the normal 
day-to-day loading limit. In such cases, 
auxiliary cooling is sometimes employed 
to increase the emergency rating so that 
it is no longer the bottleneck in substation 
loading. 

Either fans or water spray can be used. 
Where the auxiliary cooling is desired for 
emergency use only and a reliable supply 
of water is available, the water-spray 
method is by far the more economical, 
and at the same time it gives a much 
larger increase in rating. A water-spray 
ring for a 6,000- or 10,000-kva three- 
phase transformer can be installed for a 
few hundred dollars, and it increases the 
emergency rating some 30 or 40 per cent. 
Figure 9 presents the results of a load 
test on a 6,000-kva transformer showing 
a 37 per cent increase in emergency rating 
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Permanently installed fans on Mice 
transformers usually represent an invest- 
ment of thousands instead of hundreds of 
“dollars, and, in the 120 degrees centi- 
grade hot-spot range, they increase the 
emergency rating a matter of only 10 to 
15 per cent. Portable fans represent a 
much lower investment and have the 
further advantage that one set of fans 
can serve any one of many locations at the 
time of emergency; however, they too in- 
crease the emergency rating only mod- 
erately. Figure 10 shows comparative 
test data for a bank of three 5,000-kva 
self- and fan-cooled transformers, with 
and without the fans in operation. Here 
it is seen that, in the emergency overload 
_ range of operation, the benefit from fans 
is relatively moderate. 

Fans do, however, have a definite field 
of application. They are most valuable 
where the day-to-day rating of a trans- 
former must be increased, either to fore- 
stall the installation of added capacity, 
or to help carry the normal load through 
the hot summer months. Water spray is 
not recommended for day-to-day use and 
should be considered only where the 
emergency rating needs a boost. 


Tests at Bulk Power Step-Down 
Stations 


The company has seven bulk power 
stations, where voltage is stepped down 
from 120 to 24 kv, each consisting of two 
or more transformer banks of 15,000- to 
45,000-kva rating. Load readings from 
these stations are analyzed semiannually 
along with the load readings from dis- 
tribution substations. However, in the 
case of bulk power stations when the load 
has reached a value such that the poten- 
tial emergency overload approaches the 
calculated limit of the transformers, ac- 
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Figure 9. Increase in allowable transformer 

emergency loading by use of water spray, 

based on test of 6,000-kva three-phase trans- 
former 
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tual field tests are conducted, subjecting 
each transformer bank and all its related 
equipment to one emergency overload 
cycle, the equivalent of 24 hours opera- 
tion at 120 degrees centigrade hot-spot 
temperature. During the past two years, 
three banks of three 10,000-kva self- 
cooled transformers, and two banks of 
three 5,000-kva self- and fan-cooled 
transformers have been tested. Figures 
10 and 11 show typical results of such 
tests. Table II shows the comparison 
between calculated and test values for 
final top oil and final average copper tem- 
peratures. 

These of necessity were field tests, 
the results of which are influenced by 
such uncontrolled factors as the sun and 
clouds, ambient temperature, and wind. 
All tests were started on calm, sunny 
days but conditions sometimes changed 
before the tests could be completed. 
Under the circumstances, the test and 
calculated values were considered to be in 
reasonable agreement. 

The importance of conducting such 
emergency tests cannot be overempha- 
sized, even if they do nothing more than 
acquaint the operators with what to ex- 
pect when the station equipment is over- 
loaded. Tests are bound to bring to light 
unusual conditions that might otherwise 
be overlooked. It is one thing to set up 
emergency-load limits of from 150 to 
200 per cent of name-plate rating for a 
large group of stations, and another to be 
sure that everything in a particular 
station including the bus, circuit break- 
ers, cable, current transformers, discon- 
nect switches, and so forth, can carry the 
specified overload safely. The anti- 
cipated emergency usually is thought of 
as likely to happen at some indefinite 
time in the distant future, the result being 
that certain lesser details are currently 
overlooked. On the other hand, if an 
overload test is scheduled definitely, 
the responsibility for considering every 
possible contingency becomes immediate. 
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Figure 10. Emergency over- 
load test of a bank of three 
5,000-kva self- and fan-cooled 


transformers 


1. Load in per cent of name- 
plate rating 
2. Hot-spot temperature, de- 
grees centigrade (calculated) 
3. Top-oil temperature, de- 
grees centigrade (calculated) 
4. Top-oil temperature, de- 
grees centigrade (test) 
5. Ambient temperature, de- 
grees centigrade 
6. Average copper tempera- 
ture at shutdown (without 
fans); 111 degrees centigrade 
by calculation, 107 degrees centigrade by test 
7. Average copper temperature at shutdown 
(with fans); 96 degrees centigrade by calcu- 
lation, 98 degrees centigrade by test 


Such tests insure that the established 
overload limits can be met safely under 
the more trying conditions of an actual 
emergency. 


POTENTIAL DIFFICULTIES TO BE AVOIDED 


Experience thus far has indicated the 
possibility of several types of trouble 
during emergency-overload periods, none 
of which is associated with the limits in 
thermal ability of the equipment to carry 
the load safely. Any one of these might 
prove serious if first encountered during 
an actual emergency, rather than during 
a staged test. 

Among such possible troubles are those 
related to relaying. It is entirely possible 
that although relay settings may be such 
as to give proper breaker operation for 
any system fault under normal loading 
conditions, they may cause faulty opera- 
tion when the transformers are carrying 
150 to 200 per cent of name-plate rating. 
All possible load and fault combinations 
therefore should be carefully checked. 

Transformer oil will expand beyond 
normal limits when the unit is carrying 
high overloads and may cause trouble, 
particularly in the case of transformers 
served by a common inert gas system 
where the oil is likely to back up into the 
gas equipment. In some cases it has 
been necessary to set up instructions for 
emergency lowering of the oil level in 
order to avoid such occurrence. 

Oil-filled gas-pressure bushings may 
leak because of increased pressure at the 
high temperature if proper adjustment of 
oil level and gas pressure is not made. 

Switchboard ammeters often will be 
found to go off scale during an emergency. 
If there is any time an operator needs to 
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Figure 11. Emergency overload test of a bank 
of three 10,000-kva self-cooled transformers 


= 


Load in per cent of name-plate rating 

Hot-spot temperature, degrees centigrade 
(calculated) 

3. Top-oil temperature, degrees centigrade 

(calculated) 
4. Top-oil temperature, degrees centigrade 
(test) 

5. Ambient temperature, degrees centigrade 

6. Average copper temperature at shutdown; 

115 degrees centigrade by calculation, 117 

degrees by test 


iS 


know the load readings, it is certainly 
during an emergency. Temporary test 
instruments can be used in some cases, 
but at important stations it is well to 
install a single high-scale ammeter for 
each transformer bank. 

While all tests have been conducted 
at overload ratings equivalent to 24-hours 
operation at 120 degrees centigrade hot- 
spot temperature, the firm rating of bulk 
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power stations has been based upon one 
week’s operation at 112 degrees centi- 
grade hot-spot temperature. More time 
is thus allowed for the replacement of a 
faulty unit in these stations. The trans- 
formers are large and not too easily trans- 
ported. Some two hundred distribution 
and industrial-type substations with 
their smaller and more easily handled 
units are given a firm rating based on the 
24-hours operation at 120 degrees centi- 
grade hot-spot temperature. 


Conclusions 


Allowable emergency overloads for 
substation transformers, as determined 
by the method outlined, have been used 
for only a few years in establishing the 
firm ratings of substations, and thus no 
large amount of experience has yet been 
accumulated. While the maximum tem- 
perature limits selected may appear to be 
high compared with earlier practice, it 
does not follow that such limits always 
will be reached during an emergency. 
Rather, these limits have been set as 
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ceilings that may be encountered only if 
an emergency occurs under the worst 
combination of circumstances. 

If future experience indicates the 
wisdom of lowering these limits, that can 
be done easily without changing basically 
the method described. Meanwhile, and 
particularly during the war, the savings 
in critical materials and in investment 
made possible by the higher substation 
firm ratings, should more than offset any 
isolated cases of abnormal life consump- 
tion. 
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HAT portion of the total system 
investment can one equitably allo- 


: cate to the system kilovar requirements? 
Or, looking at it in a little different way, 


what portion of the system kilowatt 
capacity is used by kilovars? The answer 
to these questions obviously depends 
upon the method of supplying the kilo- 
vars, It is indicated in this analysis 
that supplying the kilovar requirements 
of a system in general may be divorced 
from supplying the kilowatt requirements 
and that the two factors may be dealt 
with as independent commodities. This 
approach shows that maximum usage of 
system capacity is made in producing 
kilowatts. 

This two-commodity concept has de- 
veloped very rapidly during the past 
decade. Until the advent of the present- 
day capacitor, kilovars were largely sup- 
plied by kilowatt generators in the power 
plant and transmitted to the point of 
consumption. Synchronous condensers, 
by providing regulated kilovars, were 
used primarily for regulating high- 
voltage transmission lines. Smaller ones, 
however, have been used on occasions by 
central stations and industrials for supply- 
ing kilovars locally. It is on this basis 
that systems were designed and largely 
operated. The availability of a low-priced 
kilovar generator—called a capacitor— 
has contributed materially to the accept- 
ance of the two-commodity philosophy. 
This concept will now be developed and 
its relation to our immediate objectives 
indicated. 

An electric system is built and oper- 
ated for the purposes of serving con- 
sumers with electric service. A consumer 
basically wishes—in addition to light, 
heat, and so forth—for his motor to spin 
and do work for him. It so happens that 
this service requires two types of electric 
energy. The major type, which is also 
the real pay load on a system, is known as 
active or kilowatt component. 

It is this component that turns the 
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lathes, grinds the flour, produces air- 
planes, and turns out the finished product 
for the consumer. The other type of 
energy known as reactive or kilovar com- 
ponent is the type that is needed to mag- 
netize transformers and induction motors 
or any type of electric apparatus needing 
magnetic flux supplied by the power sys- 
tem in order to function. This latter 
type of energy does not cause the disk of a 
watt-hour meter to turn, but it can use 
system kilowatt capacity to generate it 
and deliver it to the consumer. The 
amount of system kilowatt capacity re- 
quired to provide this kilovar requirement 
is obviously determined by the method of 
supplying it, which may be done in either 
of two ways or by a combination of them 
both: 


1. By producing it in the kilowatt genera- 
tors in power plants and transmitting it 
through the system to the point of consump- 
tion. 


2. By producing it in auxiliary kilovar 
generators, such as capacitors, synchronous 
motors, and synchronous condensers, which 
generally are located at or near the load, 
and therefore, the problem of delivering 
them to where they are needed is solved. 


An analysis of these two methods of 
supplying kilovars is given in the follow- 
ing section. 


Basic Assumptions 


Although several minor assumptions 
are used in the body of the paper as the 
occasion arises, the three basic ones given 
herewith obtain throughout: 


1. That the total system investment may 
be segregated and allocated separately to 
generating equipment and to equipment 
having either voltage drop or current mag- 
nitude as the factor which determines its 
limiting output rating. Obviously a certain 
portion of the total investment may not fall 
logically into one of these three classifica- 
tions, but it is felt that the error introduced 
by this assumption is small. 


2. That steam and hydraulic turbine gen- 
erator units can deliver their full kilovolt- 
ampere rating at unity power factor in a 
sufficiently large majority of the cases to 
permit its acceptance as a general fact, par- 
ticularly as the error in this assumed fact 
will have a negligible effect on the conclu- 
sions. 


3. That the progressively increasing kilovar 
requirement—the system /?X—because of 
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current flowing through the reactance of the 
system from the load to the generator be 
neglected. In other words, only the kilovar 
requirements of the load are used in plotting 
the data. This means that still more of the 
system investment really should be charged 
to the flow of kilovars when it is supplied 
by kilowatt generators. This assumption 
offsets to a large extent the errors introduced 
by assumptions 1 and 2, as this neglected 
component can amount to a large portion of 
the load requirements in particular in- 
stances. 


General Conclusions 


1. Kilowatts and kilovars can be dealt with 
most economically as two independent com- 
modities using separate generators, in the 
general case. The amount of system facili- 
ties used by both in getting from generating 
source to load is determined by the economic 
balance between the added cost of the facili- 
ties and the increasing costs of lower-voltage 
smaller-size capacitor units required for con- 
nection adjacent to load. 


2. A value of two to six per cent of the 
system investment is chargeable to the 
kilovar requirement when it is supplied 
near the load by auxiliary kilovar genera- 
tors as contrasted to 20 to 25 per cent when 
supplied by kilowatt generators in the power 
stations for systems operating around 80 
per cent power factor. 


3. If rates are established for kilovars 
based on the cost of supplying them by 
kilowatt generators, they will provide an 
excessive inducement for the consumer to 
generate his own kilovars. The important 
system design and operating factor of kilo- 
var control will then tend to pass out of the 
hands of the operating company into the 
hands of the consumer. This tendency is 
aggravated by each price reduction on kilo- 
var generators, and their price today is only 
about 25 per cent of the 1929 level. 


4. Approximately 330 pounds of critical 
materials are required to produce one kilovar 
when supplied by kilowatt generators and 
delivered through the system, as compared 
to five pounds (includes all mounting struc- 
tures, housings, dielectric liquid, paper, and 
so forth) when supplied by capacitor kilo- 
var generators near the load. Even dividing 
this ratio by a factor of 10 to allow for errors 
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Figure 1. Allocation of system capacity 
usage when voltage drop is limiting factor 
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in assumptions leaves a sufficiently large 
differential to substantiate the conclusion 
that kilovars in general should be produced 
by special generators near the load. 


Analysis 


I. Kimovars SUPPLIED BY KILOWATT 
GENERATORS AND TRANSMITTED 
THROUGH THE SYSTEM 


Since a system can deliver its maximum 
pay load when operating at 1.0 power 
factor (if there is no stability limitation), 
this part of the discussion will be based 
on the viewpoint that the extent to which 
this maximum kilowatt capacity is re- 
duced by the need for supplying kilovars 
determines the amount of system capac- 


FRACTION OF EQUIPMENT CAPACITY 
CONSUMED BY KW AND KVAR 


POWER FACTOR 


Figure 2. Allocation of system capacity 
usage when ampere capacity is limiting factor 


ity consumed by the kilovar generation. 
With this premise, the equipment of a 
system naturally divides itself into three 
groups, as determined by the different 
ways in which kilovars use system kilo- 
watt capacity, namely: 


1. Equipment such as overhead lines 
wherein voltage drop is the limiting factor. 


2. Equipment such as transformers and 
cables wherein ampere capacity and there- 
fore thermal loading are the limiting factor. 


38. Generating equipment whose output is 
limited by thermal] loading in either armature 
or field, depending upon the operating power 
factor and machine design. 


1. Where Voltage Drop Is Limiting 
Factor. Equations can be derived 
which will give for any specified condition 
the fraction of the total drop caused by 
active and reactive current. On the basis 
that each component uses system capacity 
in proportion to its effect on voltage drop, 
these equations give directly the fraction 
of the total capacity in this type of equip- 
ment consumed by each. Such relations 
are shown plotted in Figure 1 as a function 
of power factor and the ratio of X/R of 
the circuit. These curves show that 30 
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to 70 per cent of the system voltage- 
limited capacity is consumed by the kilo- 
vars of an 80 per cent power-factor load in 
circuits having an X/R ratio of 0.5 to 3.0 
respectively. 


2. Where Ampere Capacity Is Limit- 
ing Factor. A piece of equipment such 
as a transformer, a regulator or a cable, 
having current magnitude as its limiting 
factor, can deliver full kilovolt-amperes 
at 1.0 power factor, that is, its full rating 
in kilowatts. At any other given power 
factor it can deliver only that fraction of 
its full kilowatt rating represented by the 
power factor; for example, at 0.8 power 
factor it can deliver 0.8 of its rating in 
kilowatts. Hence, for a given thermal 
(or ampere capacity), the portion of the 


FRACTION OF STATION CAPACITY 


CONSUMED BY KW AND KVAR 
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Figure 3. Allocation of steam-turbine-gen- 
erator capacity usage 


capacity used by the active current is 
simply the per-unit power factor, and that 
portion used by the reactive current is 
unity minus the per-unit power factor. 
This division in the usage of the system 
capacity is on the basis of the kilowatt 
capacity used by each. These relations 
are shown plotted in Figure 2 for various 
power factors. 


38. Thermal Capacity of Generators. 
This case is somewhat complicated by the 
fact that a generator is designed for 
operation at a predetermined power 
factor, and by the limitations of the prime 
movers, cooling water, steam facilities, 
and so forth. However, a frequent prac- 
tice in respect to turbine-generator rat- 
ings is to install 0.8 power-factor genera- 
tors with turbines good for 5/4 generator 
name-plate kilowatt capacity. This pro- 
cedure permits 125 per cent name-plate 
kilowatt output to be delivered at 1.0 
power factor. For several years it has 
been the practice to furnish 0.8 power- 
factor turbogenerators to utilities on this 
basis unless requested to the contrary, 
and also many utilities have specifically 
required units so rated in the interests of 
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obtaining peak capacity. Therefore, it 
is felt that one reasonably may assume 
that a fair portion of the units in service 
today will deliver full kilovolt-amperes 
at 1.0 power factor and could be so oper- 
ated if othersourcesfor kilovars were made 
available. Some units admittedly have 
limitations such as end structure heating, 
when operating at increased power factor, 
and therefore each case should be checked 
specifically in determining its limits in 
this respect. 

That this philosophy of operation and 
the possibilities ascribed to it in the pre- 
ceding paragraph are reasonable is sup- 
ported by the following quotation:! 


“Table I shows the present turbine-genera- 
tor capacities as of December 8, 1941, total- 
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Figure 4. Allocation of hydroelectric-turbin 
generator capacity usage 


ing 919,550 kw, which is greater than the 
original kilowatt ratings by 20 per cent, pri- 
marily because of increases in power-factor 
ratings.” 


This paper is a report on the kilovar- 
supply program of the Public Service 
Electric and Gas Company of New Jersey. 

The above discussion also applies to 
modern 0.8 or 0.9 power-factor hydro- 
electric units, and so for the purposes of 
this discussion, the capacity of the sta- 
tion in kilowatts will be taken as the sta- 
tion rating at 1.0 power factor. The kilo- 
watt capacity reduction from this base 
rating caused by the flow of kilovars will 
be allocated to the kilovars flowing. 

Representative data for steam and 
hydroelectric generators, giving their out- 
puts at reduced power-factor loadings, 
were studied from which the kilowatt out- 
put for various power factors and hence 
the reductions from base kilowatt rating 
were determined. These results are 
shown plotted in Figures 3 and 4. 

These data present a reasonable allo- 
cation of the portion of each class of 
equipment capacity actually being used 
by active and reactive kilovolt-amperes 
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r factors. It is interesting now to 
eculate as to what portion of the total 
em investment is used—within these 


assumptions—in serving kilovars for 


different power factors in a few chosen 


systems. 


Table I is a summary of the classifi- 


cations of system investments for various 
types of equipment as compiled by the 


Federal Power Commission in 1939, for 
three representative systems. From these 


data the fraction of the total system in- 
vestment in each type of equipment con- 


sidered in this study may be tabulated. 
Weighting these percentages by the 

amounts of each type of equipment that 

is consumed by kilovars at various power 


Table |. Classification of System Investments 
Com- Com- Com- 
pany pany pany 

A B Cc 

SUT So ee 0.104. ..0.335...0.452 

Hydroelectric.......... 0.334. ..0.011...0 

Transmission (current 

, LTR EE CRS Sears 0.099...0.169...0.005 

Transmission (voltage- 

WTOP Limit)... < ce cnae 0.1384...0.039...0 

Distribution (current 

PESTIRE OS aie Oo vita a oa a 0.203. ..0.293...0.526 

Distribution (voltage- 

Gropulimisye <;.. dseies « 0.126. ..0.153. . 0.017 
PROM iebets oe Sn tips ate £00) 22522009 ....1.00 


Data taken from book compiled by Federal Power 
Commission, 1939, ‘‘Statistics of the Electric 
Utilities in the United States.” 


factors as shown in the data of Figures 1 
to 4, one can determine what fraction of 
the total system investment is being used 
by reactive component for the three types 
of systems listed in Table I. Part I of 
the appendix develops the method for 
consolidating these data. 

Consolidating these figures as suggested 
in the foregoing and assuming an over-all 
figure for X/R of 1.0 for voltage-limited 
equipment and 0.8 power-factor genera- 
tors, the interesting data on Figure 5 are 
obtained. The results are surprisingly 
similar for the three rather different types 
of systems chosen. These curves indicate 
that 20 to 25 per cent of the system in- 
vestment can be charged reasonably to 
the kilovar requirements when kilovars 
are supplied from generators operating at 
0.8 power factor. 


II. Kiatovars SUPPLIED BY AUXILIARY 
KOLOvVAR GENERATORS AT OR NEAR 
THE LOAD 


Kilovar generators can always be 
located any place on any system at 
essentially a constant cost per kilovolt- 
ampere of something less than ten dol- 
lars. Since these generators cannot 


Marcu 1943, VOLUME 62 


always be placed adjacent to the re- 
quirement, some system capacity should 
be charged against them so a figure of $15 
will be added, making $25 as an unques- 
tionable outside cost of kilovar generators. 
Numerically, the use of separate kilovar 
generators means that a much smaller 
fraction of the total system investment is 
chargeable to reactive kilovolt-amperes. 
Since the kilowatt investment in a system 
may readily vary around $400, the fraction 
of total system investment chargeable to 
kilovar—for correcting the loads to 1.0 
power factor—over a range of system 
values—has been calculated and is shown 
plotted in Figure 6. 

Figures 5 and 6 give at a glance the wide 
variation in the fraction of the total sys- 
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Figure 5. Fraction of system investment 

chargeable to kilovars when they are supplied 

by kilowatt generators and transmitted through 
the system to the load 


tem investment chargeable to kilovar 
requirements for the two concepts. A 
value of two to six per cent of the system 
investment is chargeable to the reactive 
component when supplied near the load, 
as contrasted to 20 to 25 per cent when 
supplied by the kilowatt generators in the 
power stations for system loads around 
80 per cent power factor. 


Discussion 


1. GENERAL 


These figures indicate that a tremen- 
dous amount of relatively high-cost sys- 
tem kilowatt capacity is used by kilovars 
when it is supplied at a point distant from 
the load—presumably by kilowatt genera- 
tors. This is a well-known and long- 
established fact as evidenced by the 
following extracts taken from the Pro- 
ceedings of the 13th convention of Na- 
tional Electric Light Association, (held 
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in Washington, D. C., June 1907) pages 
81-83. 


“With the rapid increase in the industrial 
use of induction motors and in are lighting 
by alternating current, the troubles incident 
to low power factor, in systems not designed 
for it, have become unfortunately familiar,” 


“Low power factor has two serious results: 
It limits the capacity of the electrical part 
of the system by loading it up with unpro- 
ductive current—current for which no 
revenue is obtained; and it means poor 
voltage regulation.” 


‘The rating of electrical apparatus depends 
primarily on the heating produced by the 
load, and this heating depends entirely on 
the current. The kilowatt load, therefore, 
unless the corresponding power factor is 
taken into account, is not a measure of the 
actual load on the apparatus.” 
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Figure 6. Fraction of system investment 
chargeable to kilovars when complete load 
kilovar requirement is supplied at or near the 


load 


“The second injurious effect of low power 
factor is poor voltage regulation. This ef- 
fect is well known and requires no extended 
explanation.” 


These facts, however, although they 
have been known since the turn of the 
century, are just beginning to exert a 
real influence on the design and operation 
of power systems. Until the present 
period expansions were made beyond the 
immediate requirements to allow for 
normal expected growth and to cover new 
areas or to give necessary reliability. 
These practices provided margins there- 
fore that could—for some time—be used 
by the kilovar requirements without im- 
pairing the kilowatt capacity. 

The developments in the distribution 
field, such as load-center and unit- 
substation equipments and the advent of 
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the low-priced kilovar generator—the 
capacitor—have changed this picture. 
Conditions are different now and should 
be so recognized. The expansion era is 
tapering off, and the war effort in particu- 
lar is requiring that we get the most 
out of every bit of system capacity. 
The ‘injurious effects of low power 
factor’’ referred to in 1907 need not now 
be felt by the relatively high-cost kilo- 
watt investment equipment. As out- 
lined, the cost of kilovar generators is 
such that they can now be installed any, 
place on a system at approximately ten 
dollars per kilovolt-ampere. In some 
cases the reactive component cannot be 
supplied right at the load, and so some 
additional system-investment allocation is 
required, but taking an outside figure of 
$25 per kilovolt-ampere still leaves plenty 
of margin to show the fallacy of attempt- 
ing to use the system for transmitting kilo- 
vars to the loads from the generating sta- 
tions. 


2. RELATION TO THE IMMEDIATE 
OBJECTIVES 


Looking at the situation from a critical- 
material standpoint, the picture is about 
as follows: Assuming approximately $400 
per kilowatt of capacity for power-system 
investment, and 25 per cent of this figure— 
or $100 as previously developed—as 
being allocated to the kilovar require- 
ment at 0.8 power factor when it is fur- 
nished by the system as a whole, and 
further estimating the power system as 
averaging 50 cents per pound of electric 
equipment would mean approximately 
200 pounds of equipment to provide 0.6 
kilovar or approximately 330 pounds per 
kilovar. Contrast this with one kilovar 
being supplied by capacitors with approxi- 
mately five pounds of material at most, 
including mounting, housings, dielectric 
liquid, paper, and so forth. We won- 
dered why Japan has for several years in- 
stalled capacitors in very large banks, 
such as one installation having 100,000 
kva at a single location.2 The answer 
is obvious when vital materials are really 
needed and are being used for other pur- 
poses, as apparently they were. 

Our immediate concern in the war effort 
is to make available the maximum kilo- 
watts from existing facilities. The possi- 
bilities in this respect through the use of 
auxiliary kilovar generators are readily 
apparent, and in many locations advan- 
tage is being taken of the indicated 
gains.'~? But it is generally accepted 
that still a majority of the kilovar require- 
ments of the country are being supplied 
by kilowatt generators, which means 
valuable system generation, transmission, 
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and substation capacity is being used by 
the reactive component that could be used 
in producing kilowatts. The relation be- 
tween these facts and our immediate ob- 
jectives is considered sufficiently self- 
evident to require no further amplifica- 
tion. 


83. ERrFECT ON SYSTEM DESIGN AND 
OPERATION DURING NORMAL TIMES. 


If a system is set up and operated on 
the basis of supplying the bulk of its re- 
active requirements from the power gen- 
erators, and rates are instituted accord- 
ingly in an endeavor to encourage the 
consumer to generate his own kilovars, 
several interesting angles present them- 
selves. System kilowatt investment costs 
are relatively stable, and so the cost of 
delivering kilovars by the system as a 
whole remains substantially constant, 
but at a high level as indicated by Figure 
5. With rates established for kilovars 
based on these costs, it would be very 
profitable obviously for a consumer to buy 
kilovar generators for approximately ten 
dollars per kilovolt-ampere and thus be 
relieved of buying the expensive product 
from the power company. 


It is well known that parallel operation 
of many electric plants presents problems 
not common to the parallel operation of 
two or three plants. These problems are 
greatly magnified when part of the paral- 
lel plants do not co-operate in a manner 
conducive to economy, ease of operation, 
and continuity of service of the system as 
a whole. The kilovar generators—and 
sometimes large ones—operating on the 
consumer’s premises, are really parallel 
plants, over which the operating company 
has little or no control. And these plants 
are there, in principle, because the con- 
sumer could not afford to buy the expen- 
sive kilovars offered by the operating 
company. Further, as the price of kilo- 
var generators such as capacitors goes 
down, more and more of them will be 
installed by the consumers. These may 
or may not be regulated reactive installa- 
tions. Since economic system design 
and operation are so intimately related to 
kilovar requirements, it follows that the 
operating companies would lose control of 
this important factor. It is well known 
that even today—when load factors are a 
maximum—it is the light load periods 
that really give voltage and even stability 
troubles through lack of sufficient reactive 
control, and so what it would mean in this 
respect if the price of capacitors were 
greatly reduced in the future can be 
imagined easily. In fact, system design 
and operation could become subject un- 
comfortably to the mercy of the consumer 
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and the price of capacitors instead of re- 
maining in the hands of the operating 
company. 

From this viewpoint it appears that the 
two requirements of a consumer—namely, 
kilowatts and kilovars—may be supplied 
best by the power company. The rela- 
tively long-term basis on which the utili- 
ties are financed, in view of their stabilized 
nature, allowing them to accept a slightly 
lower return on their investment as com- 
pared to industrials, together with the 
fact that the utility has greater latitude 
in arrangement of capacitors because of 
diversity to obtain best efficiency, seems 
to bear out such an approach. 

This is a somewhat different philosophy 
than has prevailed generally within the 
operating companies, in that kilovars 
have been looked upon as a nuisance, and 
the companies were willing to pay the 
consumer a certain price to keep the kilo- 
vars off their systems. 

The two requirements are definite, and 
from the point of view developed the two 
requirements may best be dealt with as 
two independent commodities, using 
separate ‘‘generators”’ and possibly little 
system equipmentincommon. This sug- 
gests their metering may even be done 
separately. The confusing terms power- 
factor and kilovolt-amperes might even 
be abandoned to advantage. The large 
cost-to-supply ratio of kilowatts to 
kilovars—the two units which go to 
make up power factor and _ kilovolt- 
ampere—logically indicates divorcing 
them. This large cost ratio further 
indicates that kilovolt-ampere metering, 
which gives equal weight to kilovars and 
kilowatts, is somewhat inequitable. It 
appears that with this philosophy, that is, 
the operating company providing the 
kilovar requirements, the utility would be 
in the business of selling complete electric 
service, in terms of both kilowatts and 
kilovars, and in addition, of having 
complete control of system design and 
operation, as it should have—resulting in 
maximum economy and usage of materials 
that go into making up a system. 


Appendix. Allocation of System 
Capacity to Active and Reactive 
Uses 


I. Kilovars Supplied by Kilowatt 
Generators and Transmitted 
to the Load 


1. WHERE VOLTAGE Drop Is LimitTING 
FACTOR 


The expression for voltage drop 


Vp=I1(R cos 6+-X sin 6) 


ELECTRICAL ENGINEERING 


gives an accurate relation beween voltage 
( Pp, current magnitude, power-factor angle, 
and the impedance of the circuit. For any 
specified condition, the fraction of the total 
drop caused by the active current is 
= R cos 6 cos 6 
Vp= ——______ = —__ 

R cos 6+ X sin @ cos 6+N sin 0 
and the fraction of the drop caused by the 
reactive current is 

N sin 6 

cos 06+N sin @ 


Vv 


oO 


where N=ratio of reactance to resistance 
@=power-factor angle 


On the basis that each component (active 
and reactive) consumes system capacity in 
proportion to its effect on voltage drop, the 
factors Vp and Vg give directly the fraction 
of the total capacity in this type of equip- 
ment consumed by each, as a function of 
é and N. 

These relations are shown plotted in 
Figure 1 for power factors of 0.6 to 1.0 and 
for N’s of 0.5, 1.0, 2.0, and 3.0. 

An exact analysis may require an inte- 
grated value of Vpand Vg for a particular 
system because of the variation in N. For 
example, one set of factors may be necessary 
for the transmission system, another for the 
distribution system. 


2. WHERE AMPERE Capacity Is LIMITING 
FACTOR 


For a given thermal limit (or ampere ca- 
pacity) the decimal fraction of the capacity 
used by active current is 


Cp=cos 0 
and that used by the reactive is 
Cg=1— cos 6 


This division of system capacity, or alloca- 
tion of capacity consumed, is on the basis of 
the kilowatt capacity used by each. These 
relations are shown plotted in Figure 2, for 
various power factors. 


3. WHERE THERMAL CAPACITY IN GEN- 
ERATORS Is LIMITING FACTOR 


Representative data for steam and hydro- 
electric generators, relative to their outputs 
at reduced power-factor loadings, were ob- 
tained, from which data for the kilowatt out- 
put for various power factors were deter- 
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mined. Letting Kp denote the fraction of 
maximum kilowatt output at reduced power 
factor, it follows that the fraction of station 
kilowatt capacity consumed by the reac- 
tive component at corresponding power fac- 
tors is 1=K>p, or 


Kenl—Kp 


The values of Ap and Kg calculated from 
the data are shown plotted in Figures 3 and 
4 respectively. 


4. COMBINING THE 
EQUIPMENT 


THREE TYPES oF 

On the basis that active and reactive 
kilovolt-ampere requirements be allocated 
their share of the total system investment in 
proportion to their use of the system ca- 
pacity, the relations derived above give 
directly the per-unit allocations for each 
particular type of equipment. And the 
fraction of the total system investment 
chargeable to the active and reactive com- 
ponents at any given power factor can be 
determined by evaluating Tp and Tg as 
follows: 


Tp=khiVptkhoCpt+hsK p 


=fraction of total investment chargeable 
to kilowatt load 


Te=hi VetkCetksK 


= fraction of total investment chargeable 
to kilovar load 


where 


ki=ratio of equipment investment having 
voltage drop as limiting factor to total 
system investment 

ko=ratio of equipment investment having 
ampere capacity as limiting factor to 
total system investment 

k;=ratio of generating-station investment 
to total investment 

T =total system investment =1.0=Tp+TgQ 


and Vp, Vg, Cp, Ca, Kp, Ka are derived and 
defined above. 


II. Kilovars Supplied by Auxiliary 
Kilovar Generators at or Near the 
Loads 


The fractions of the system investment 
chargeable to the active and reactive com- 
ponents for this case are somewhat easier to 
develop, since the investments for each do 
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not necessarily use common system equip- 
ment. 


Therefore 
r kilowatt investment 
1 al ie cc a 
total investment 
kilovar investment 
—<—— 


total investment 


where total investment is equal to the kilo- 
watt investment plus the kilovar invest- 
ment, Designating the kilowatt investment 
as 1,0, and, if sufficient kilovar is supplied 
always to improve the load power factor to 
1.0, so that all the kilowatt capacity is avail- 
able, the kilovar investment, as a fraction 
of the kilowatt investment is 


2 ; sin 9 cost per kilovar 
kilovar investment = —_———_ 


cos 8 cost per kilowatt 


(cost per kilovar) 


=tal - 
(cost per kilowatt) 
Hence 
rT Ht {6) 
ae (cost per kilovar) 
tO) 
(cost per kilowatt) 
, (cost per kilovar) 
= (cost per kilowatt) 
T 5m 
hate: (cost per kilovar) 
(cost per kilowatt) 
and 


Tp+Tg=1.0=total investment 


These relations are shown plotted in 
Rigure 6 for system costs per kilowatt of 
$300, $350, and $400 and for kilovar costs 
of $10 and $25, supplied near the load, to 
improve power factor of load to 1.0. 
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Pulling Loads on Single- and Multiple- 
Conductor Impregnated-Paper Lead- 
Encased Cable, Solid Type 


A. P. S. BELLIS 


ASSOCIATE AIEE 


ACK of factual information relative 

to the permissible pulling loads to 
which solid-type impregnated-paper lead- 
sheath power cable might be subjected by 
means of woven-wire pulling grips with- 
out damage to the sheath prompted the 
Insulated Power Cable Engineers Asso- 
ciation to consider the subject and re- 
sulted in the laboratory tests described 
in this paper. 

There seems to have been very little 
work done in recent years on this or re- 
lated subjects that has appeared in the 
technical literature. Considerable au- 
thentic and valuable information is avail- 
able relative to work done by the Na- 
tional Electric Light Association under- 
ground systems committee on cable in- 
stallation. For convenience of reference 
some excerpts from literature have been 
included in Appendix I. 

Because of a lack of field records or 
laboratory test results, it was considered 
desirable to carry out a test program in- 
volving a rather broad selection of sam- 
ples with respect to conductor size and 
shape, thickness of insulation, and con- 
structions that would be representative 
of the cable industry’s production. All 
paper-cable manufacturers’ products were 
represented in the selection of samples 
tested. 

The question of permissible strain to 
which lead-sheathed oil-filled cable might 
be subjected without serious damage to 
the sheath from gouging had been before 
a committee of manufacturers’ repre- 
sentatives since December 1936. The 
original suggestion, based upon the use 
of pulling eyes soldered to conductors 
and sheath and the results of field expe- 
rience rather than laboratory tests, 
limited the pulling strain to a maximum 
of 5,000 pounds. This limitation was for 
the purpose of controlling the damage to 
the lead sheath by gouging to a depth of 


Paper 43-30, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943. Manuscript 
submitted November 19, 1942; made available for 
printing December 14, 1942. 


A. P. S. Bevis is chief electrical engineer with 
John A. Roebling’s Sons Co., Trenton, N. J. 
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not more than 20 mils. A later recom- 
mendation was made to limit the pulling 
strain on single-conductor cable to 6,000 
pounds and on three-conductor cable to 
5,000 pounds. 

By observing these values for maxi- 
mum strain, it was thought the limit of 
sheath gouging could be reduced from 
20 mils to 15 mils, This assumed ade- 
quate duct clearance, good duct construc- 
tion clear of any harmful foreign matter, 
and good installation practice. 

Conductor areas of oil-filled cable and 
of solid-type cable are sufficiently large 
in most cases to withstand pulling stress 
considerably in excess of the foregoing 
limitations without physical changes in 
the cable that will effect its electrical 
characteristics appreciably. If, in these 
cases, the maximum permissible pulling 
load on a cable is considered relative to 
the maximum permissible stress on con- 


ductor area, the tendency is to lose sight 
of the premise: that is, protection of the 
sheath against excessive gouging. 

Conductor areas in solid-type paper 
cable are frequently insufficient for a 
pulling load of 5,000 or 6,000 pounds. 
In these cases it is necessary to limit the 
load to some lower value based upon a 
maximum permissible stress on the con- 
ductor or upon a combination of the con- 
ductor and sheath if pulling eyes are used. 

If cable is pulled by means of woven- 
wire grips, the strength of the conductor 
is not involved unless the ends of the 
conductor are embedded into the sealing 
caps. Ordinarily this is not done, and 
the entire load is taken by the cable 
sheath. 

A few simple rules that are easy for ap- 
plication in the field for the guidance of 
men charged with the safe handling of 
cable during installation with woven-wire 
grips are much to be desired. This ap- 
proach to the problem, however, would 
broaden the consideration under the 
original premise: that is, of permissible 
stress on the cable sheath. There are 
many variable factors involved in the 
pulling of cable that are peculiar to par- 
ticular installations. These factors can- 
not be contemplated under simple rules 
nor are they considered in connection 
with the simple formulas for maximum 
pulling stress and maximum pulling length 
proposed as a result of this investigation. 


Table |. Sheath Dimensions, Ultimate Load, and Tensile Strength of Lead Sheaths 
Nominal Thickness Calculated 
of Sheath Tensile 
(By Manufacturers) Measured Calculated Strength 
Measured Average Area Load at (Pounds 
Outside Decimal Thickness (Square Failure Per Square 
Sample Diameter Fraction Equivalent Sheath Inches) (Pounds) Inch) 
A. Single Conductor With Thin Wall Insulation Up to 5/32 Inch 
A-1 Specimen 1...... DAO Uris sos OT Ghly erates O00 4 Fe cce cress auveebeners OnS956K ies 1,400.3... 3,539 
A-1 Specimen 2...... AUS ere, ote takes Cee artes OF 094 tee ee Ou Se eee OZSS863" sere W200 neater 3,106 
Al=3) "des «avs cnrsts oteeie ees TZ B-tetctareneys BS katece tts QT 25 i. cs0s0 0 OSTimteriecs ONSI7 Oars L000%er « 3,146 
Alok Monenernye: tel aren ove 3-0) Wei O nce ertegete 16k arse OSS Gaeie O26 red 0.6569..... 2 40%. ae 3,669 
B. Single Conductor With Heavy Wall Insulation Above 8/32 Inch 
Be Ms ovayatetotats xotenere yes or eZ oreo GT ters Oic ON LOO eee QO. 102 ewer WREGADN en 58 E600 rerae 4,349 
Bad ceca sea reneenn irs Past BTR aaa oo Oa Tietere ons ORT 7 aerecreve 05124524 (MEALS 5.4 LOS 03 ee 2,470 
BoB vee ai sees anetansne oetenee DT SR ealh rea naeen emer et aia cere rameters OAOGOM eaten ORSOSZ S007 rraes 2,596 
Badew c.cvehors wie mare sete ZNOS ce cisdereiceve Oeste eee eae OL4bi Sears o R588 oe 2;500)e tere 2,165 
C. Three Conductors With Thin Wall Insulation Up to 15 Ky 
Ge Liante oe crater 1 OR eh et LT ain OR MOO TT eters Oni 4 arene 0262560... 2;080).. 3. (3,320 
GrDe Sareladelen Snrertscn orks 2 ADM stevens: ON” See a OSI25 54 ae sO lo Omer 0.969 Teen DST.50 sesmevets 2,838 
C=Bteta cece tee PSP PN ORES est Tin Sane ORLA Ty ence Qe Time eene Oe SSbilweeae 2,000 2,395 
Gad Naletinctelsisneac clere ZiOT, carte ree WATE ctescae OVID Seaver C0 en Ye ee O28 50 aan 2;500R eres 3,067 
(Go Maina GOete OCU Or 120% Serra ATO os Steere O7094 eer ORO Bae rere 0.3909..... LVS Ome ue 3,019 
G=G Aearatacter sresieier LEST Sic eramretae We aes Fare QOS Rec ODUES heres OFG1G laa. 18200 eas 2,954 
D. Three Conductors With Heavy Wall Insulation 15 Ky and Above 
ee codcteieaene ehecessocors NO wee ters Lig Riera OPN 2 Seer OW as an c O99 10a 23000 crate 2,523 
PRBS TIA AO CRI. YAR TRG. of We Sonera Oe. oat OR142 0 eer UEROTS iereeine 2 500M ereehe 2,318 
eS sais en roe DOO: ante 9) same Nereis OA eee OPL5Si rerio CHUL n.5 os 4.450 0 srs 3,382 
DD Ries, Some Pus. ERA OIRO Sos OO t/t aiveasmeec OR 2 Seyret ORS Gee cee OOULS rte 2460s eee 2,698 
Bi-chere onions tis eoereeet 2: OO neve sterta TAY eC e ee crarcta.3 OFT 4 see ie O79 96 Oerers PANG A.5 Oc 2,510 
nD avaneser ors USroter ares nets 3.22). I ovpaks ON TAT eeriatcee O)5258) Serer L35199% a 3, 700mm oe 2,434 
Gi Riatepocesem rehire Bee eerste Sic Wa eomeccras Oxley. O12 eee ee NR Slee Sen 4,000R eee 3,175 


The tensile strength of lead sheath was calculated on the basis of the tape-measured outside diameter near 
the end of the sample and the average measured thickness of lead sheath obtained from rings of sheath cut 


just back of the end seals subsequent to the pulling test. 


The sheath had not been damaged or stretched 


at these points because of protection by the reinforcing shields on the pulling grip. 
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Table 1A. Specimen Test Data Table Il. Comparison of Tensile-Stress Values 


i-; * Sample D-3 Under the Respective Classifications for Cable 
a Biirce.Carclicct BOO ,000-Circular Mil Type-H, 18/5, Paper, °/e Lead paneruction 

. SSS SSS 
(a) Grips—Kellems P 250 

Pounds Per S 
; (b) Gauge Length—20 Inches pert 
Fracture at 4,450 Pounds, 13/2 Inches Within Bottom Grip, 2 Feet 11/2 Inches From 
Bottom; Spiral in Form 


> - 


Group A. Single Conductor With Thi 
Insulation up to 5/3. Inch a 


= 
. 


ss a a Siok". 6 Tea A-l Specimen Lareuakeyes 3,539... . Average 3,365 
" OES Lion = A-1 Specimen 2....., 3,106... . Minimum 3,106 
Lead Sheath Dulside Diemerer PRIS ogee OCI 3,146... . Maximum 3,669 
See ee Vacuum Inches of Mercury (Inches) ALSO a: sin Re a avioria fn k 3,669 
rva. nches Per 
Minnte Group B. Single Conductor With Heavy W; 
K s) Inch) Top Bottom Top Bottom Insulation Above #/;2 Inch eae 
; Bele rn ern ieretneate 4,349....Average 2,895 
Op aaa Rene cs ey OS ee 2.90 2.90 ree ahd a Atay Ta piecrsabetip ve 
vere eees : BrO we ainy ? nnn ey O00. sv laximim 4 940 
See & CONVO eee vem Vasa caes. BAM 2 B-4 
HGS any es B00 2.00 BaF ewinitier eae sain 2,165 
ey eae OT TP Aree es 1 Oe ee 2.90 2.89 
ee rere nie ae | BIA | 8.00... || 9.80 BrOUP) Comteree .Conductors With) Thing. Wall 
Sore, = 5: POOR EO ah ioc eas S08 vice. A BPG, Shicxs 2.89 Tapio tei teud sr Comparieott, Between 
bo, Sieigth A ODE eo a, Sina ete: 29.59. |... 2.89 ee oper cey hae peebate 
hn Sele OEE, Se oD otha es eee 2.90..00....2:89 Belted Type H 
lat eee CCT So ee ed ee 2 * eget Bicee 
A CC Rea Gee Gee... ; oo es Oe ee Sah hae es ais 
500. . wal. Peet ae So eas 0 ae he ee peed 2.90 RSE alan 
ow eaeee RONG PL. Sic 2 ee. Fae S:S0cet. 2.90 Og ee eG en 
rip ee DMO o8 on DWaccntn «. BEE Bante. 2. 90.04. Ks 2.90 Ca Oa ee hy 
Restart, eae 5 Sa 21/26 a 8Ou ads ec 2.90 ee eee yes es 
mreryerete nets, 5:0 OU plates she 2 Le Average ........0006.2;929 
eee Dirt sree, ee AP 2... 8.892..0.5.2.00 Minimum .......... .2,395 
Veeeeesee. BO toa Mesos ses Lis ae i ern 2.88 Maximum........... 3,325 
CS Ao) eee RUE ES ST th ad eke BS Tinta cc 
= Boot eee QU ee Stee cc. ie Pe... Caer is Sep aceon ueceore yy tay eas eas 
sede, 0.0030......... See ee en Bad Sc 2.89 Fron themes aces 
eee 0.0030......... oF  etice kee ed. 2.89........2.88 F Belted Type H 
2 0.0080......... 43/e..... 1/—** cr Pie 2 ela dae apes 
ee Eb PSOE SIRE eae a Se na see 
Pr on : Bees: 0.0035......... Es eee ee a ene 2.88 De Ee Oy a ree ay 
ee ous 0.0085... 2.2... af. wae 2189.1... 2:90 PRE Oe ane 
Se tase Nrensh sss scnc : 7 ty Spay aus A a eae 2-00 meee ne: 2.90 DB ele. AR, eNO dl Sey 
Bees. mannan. Se Life lo ee 2:89.00... 2.89 Pramaa ee sie Re its 
eee pepete<l. x Role Ste eee A Hee ee TE Average ............2,518............. 2,875 
Sete: 0.010 Ant y arene Aift* 2.50. 2.89 mete tae eti Ta Mona 2,318. ..........+. 2,434 
3,000........ Ep Gath Ur eae es oes By Re oo re aR eae 2.89 eR bee Sein O08 mins eines Dre 3,882 
ek ae SRO1OD 2 oats Si Mess: i ee a ere 2.89 
a Se PAR ac, <y ete seas BPS oss re rere 2.88 
Pea. 0.0100......... ise Site, Pa ine Weed 2.88 
Meet i. Spee i A S288... 2087 unacceptable. It was considered pref- 
Moncey 0.0250......... iStfs.g8 5.) 13t/s** Dee ay Oe, 2.87 aa 
Beh hy. ae a BBG i "Ee WY Ee 2:88) atl 2.87 Epa heat ies pce eies esp ulano 
; Boece. 0.0800... +... =o heb ras yopee ee Oe 2.88.0... 2.87 the area of the sheath and the permissible 
BoA hal CSe cis we eee Soteo koe BO oie atAc 2 Oo dee chcniy Ot ‘ p 
“Leas GG oi eed gases eel ri ccd 2.87 stress to which the sheath material could 
eee a t. a weet Ti at ee QBI/,8*.... 2... ee 2.86 Downe Dist elas wit te Hie Games maint 
Tene, ee TR ce ee oe aif eee ae DBT GREER RO os DST 2.85 stretching. As a result of this investiga- 
Bags ee. to “eee sdk es She ene oe An oe 2. . . : 
“Sie “yapetan ODA. a cc7 ae. Dai /a¥e IE ake ee 2 85 tion which undertakes to determine the 
gyerienss. GO: 04502. Rs. ue 26 DAI FE es DRT. 2.85 ultimate stress values and e i 
ap cee 8.017050) -2... 26 <a Oh ae ea 2.83 ; ee Se 
lead sheath, it appears that the maximum 
ta he a 261/4 -261/a¥# BB etey an 2.81 gts : 
permissible pulling loads calculated by 


Extension of lead sheath beyond end of copper conductors: 


* Positive pressure. 


** Negative pressure. 


The recommendations of a committee 
which were before the Insulated Power 
Cable Engineers Association for consid- 
eration and approval at the time this test 
program was decided upon were: 


“Tn the case of cables in which the pulling 
eye is attached to the end of the cable, the 
maximum pulling strain shall be based on 
0.008 pound, per circular mil of copper with 
a maximum of 6,000 pounds. 


“Where a cable grip is used over the lead 
sheath for pulling, the maximum pulling 
strain shall be taken as 1,500 pounds, for 
each one-inch diameter of cable. For ex- 
ample: A three-inch diameter of cable 
would call for 4,500 pounds. This sugges- 
tion does not take into consideration what 
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Top—4'/2 inches; bottom—9 inches. 


is inside the lead sheath; that is, we may 
have large copper and light walls of insula- 
tion or small copper and heavy walls of 
insulation for a given diameter. 


“These pulling strains are based on a 
maximum of 750-foot pull with no bends. 
Where bends occur, it has been suggested 
that the permissible pulling strain be re- 
duced ten per cent for each bend.” 


The proposed rule applicable to cable 
fitted with pulling eyes received rather 
general acceptance. However, there were 
expressions of preference for the 5,000- 
pound limit, particularly with respect to 
single-conductor cable. 

The proposed rule applicable to cable 
pulled with a woven-wire grip was judged 
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the foregoing proposed rule would be in 
excess of the strength of the cable sheath. 


Test Specimens 


It was directed that samples should be 
selected from the lists submitted by the 
manufacturers on the basis of their be- 
ing as representative as possible as to 
conductor size under each of the following 
groupings: 


Single-conductor cable: 

A with thin wall of insulation up to °/32 inch. 
B with heavy wall of insulation about °/s2 
inch and heavier. 

Three-conductor cable: 

C with thin wall insulation rated up to 15 kv. 


D with heavy wall insulation rated at 15 kv. 
and over. 


Classification of the samples selected 
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Table IIA. Tensile Strength of Lead Sheath 
From Table II 


Neen ee 


Group Average Minimum Maximum 
Aly iesyasciea Mah siaitenct ens SFOO0 tal tones Ol) 5a hots 3,669 
Hot5 6 Cans eed rage OOD arated, 2G Seer 4,349 
iC Belted noc... 2,929 Faas « 2 3067 Ties anc 3,325 
D Belted. . >>... 2 OUOmer ste PAE: Go cn 2,698 
Gilby pel gens 205450 0. 8s One sample only 
Dilype Hien DY (Dna od abe AE Bis Cao da 3,382 


under the foregoing groupings, as well as 
dimensional characteristics, are shown in 
Table I. 


Testing Equipment and Procedure 


The pulling grips used were furnished 
by Kellems Company for all except a few 
preliminary samples. The manufac- 
turers’ statement relative to the de- 
sign, selection, and performance of pull- 
ing grips has been incorporated with this 
text as a matter having direct bearing 
upon this work and also because of its po- 
tential value in the selection of grips for 
application in the field. 

Tests were conducted in the John A. 
Roebling’s Sons Company laboratory. 
An Amsler testing machine of 40,000 
pounds capacity was used. Samples 
tested with pulling grips were under the 
10,000 pound range, and samples fitted 
with pulling eyes were under the 40,000 
pound range. 

The original end seals were removed 
from the samples as received. These were 
replaced with new end seals, each with 
a bicycle-valve insert. 

A U-tube mercury manometer was 
connected to the bicycle-valve stem at 
each end of the sample by means of a 
flexible rubber hose. The object of this 
attachment was to use the manometer as 
an indicator of the rate and extent to 
which vacuums would develop as the 
sheath stretched and pulled away from 
the end of the cable under increased load. 
Also, loss of vacuum was to be used as 
the criterion for failure of the sheath. 
The thought was that the end seals might 
not be tight, that the pinching action of 
the pulling grips may be responsible in 
some cases for opening up cable end seals, 
and that faults of this nature could not 
be detected by observation. 

The manometers were connected to the 
valves in the end seals before any load 
was applied. Connection of the flexible 
rubber tube to some of the early samples 
tested produced a slight pressure indi- 
cation on the manometers. A slight 
drainage of compound to the lower end 
of the sample when it was mounted ver- 
tically in the testing machine also pro- 
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Figure 1. Speci- 

men under _ test, 

showing __ primarily 

points of observa- 
tion 


duced slight positive pressure readings. 
As the sheath stretched, this pressure was 
dissipated, and vacuum developed. In 
these instances pressure is indicated on 
the test sheets by a plus sign. As the 
load was applied, the vacuum in inches 
of mercury was read to the nearest 1/15 
inch on each manometer scale. 

Measurements of extension of sheath 
between grips were taken between 20- 
inch and 40-inch bench marks on the 
sheath, each mark being at least six inches 
from the ends of the pulling grips. The 
variation in distance between bench 
marks was due to the variation in the 
length of grips used. As long a gauge 
length as possible was used on all cables, 
at the same time using a gauge length 
that was a multiple of ten inches. The 
gauge points on the cable moved with 
reference to two fixed 18-inch scales 
mounted on the frame of the testing 
machine. The scales were graduated in 
hundredths of an inch. All readings on 
the scales were taken to the nearest 1/199 
of an inch. 

The bottom head of the testing ma- 
chine was stationary—the top head was 
movable. The bench marks on the sheath 
therefore moved upward; hence, the 
total elongation for any load was equal to 
the difference between the scale readings 
at that load and at the initial load. This 
divided by the gauge length gave the unit 
elongation in inches per inch. As the 
load was applied, the movement of these 
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gauge points was determined to the near- 
est 0.01 inch, read on a steel scale. 

Outside diameters of the cable were 
measured by diameter tape during tests. 
These were taken at the top and bottom 
bench marks on the cable sheath unless 
otherwise indicated. 

For the originally planned tests the ini- 
tial loads applied, as well as the subse- 
quent load increases, were varied some- 
what, depending upon the size of the 
cable. Each load value was held for an 
interval of five minutes. Sheath elonga- 
tion and manometer readings were taken 
at each one-minute interval. The five- 
minute holding interval for each loading 
was chosen as a minimum time that a 
cable, of appreciable size and length 
fitted with a woven-wire grip, would be- 
subjected to pulling stress during installa- 
tion. This is estimated as approximately 
equivalent to pulling a 300-foot length of 
cable into a conduit at a rate of 60 feet 
per minute. 

The ultimate strength of the sheath 
was taken as the maximum load indicated 
on the dial prior to failure. 

Chemical analyses of the sheaths were 
not made. It was presumed that they 
represented a cross section of commer- 
cially pure leads. 

All samples were tested at room tem- 
perature, approximately 75 degrees Fahr- 
enheit. 

The accompanying illustrations (Fig- 
ures 1 to 4) show the method of mounting 


ELECTRICAL ENGINEERING 


oe Ay Ey 


* 
the eight-foot samples, the type of testing 
equipment used, types of end termina- 
tions, the nature of the sheath fractures 
with both woven-wire grips and socket- 
type pulling eyes. 


Pulling Grips 


Experience with miscellaneous stock 
pulling grips demonstrated that the 
proper selection of size, type, and appli- 
cation of the grips to the ends of the cable 
was necessary if tests of the samples to 
destruction were to be realized. 

The Kellems Company’s representa- 
tive was present to observe the perform- 
ance of the pulling grips under load dur- 
ing the planned series of tests and con- 
tributed the following statement: 


Two types of grips were used, one the old 
type, constant weave, in which every mesh 
was exactly the same size as every other 
mesh in the grip. In other words, all wires 
were crossed at exactly the same angle 
throughout the length of the grip. The 
other type was woven with a variation in the 
size of the mesh; that is, the angle at which 
the wires were crossed was varied, decreasing 
gradually from the receiving end to the 
pulling end of the grip. 

It was found that the variable-mesh grip is 
much more effective than the constant- 
mesh grip, as the strain is evenly distributed 
over a greater area of the cable. In the 
constant-mesh grip, the strain is concen- 
trated near the pulling end of the grip, and 
there is a tendency to localize the bite of the 
grip and cut into the sheath at this point. 


Also, the flexible variable-mesh grip held, 
whereas the constant-mesh stiff grip had to 
be served down with wire to the cable to 
keep it from slipping under heavy loading. 
As a result of these tests, certain improve- 
ments in design were made to prevent slip- 
page and to improve distribution of strain. 
These improvements are now standard in 
current manufacture. 

In the past the tendency has been to use 
grips with too high a breaking strength; the 
strength of the grip is many times that of 
the cable sheath. When the grip is suffi- 
ciently strong but not far in excess of the 
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Figure 2, Fractures of cables 
A-1 to B-4 inclusive 


cable sheath strength, the result is a more 
flexible grip and a more even distribution of 
the strain on the cable. This increases the 
effectiveness of the grip and also the holding 
power of the grip to the cable under it, 


There is a definite relationship between 
diameter and length of grip—the greater 
the diameter, the greater the length re- 
quired. This is true only to a limited extent 
with the old-type constant-mesh grips, 
since the strain is concentrated near the 
pulling end of the grip. In the variable-mesh 
pulling grips this relationship between di- 
ameter and length has been taken into 
consideration, and larger diameter grips 
have been made proportionately longer. 
Throughout each set of cable size ranges, the 
length of the grip is increased with the load 
rating. 


A specimen test-data sheet has been re- 
produced in Table IA. This shows how 
gradually the deformation of the sheath 
takes place under an increasing static 
load applied for the time intervals shown. 

Stress-strain relations for a selection of 
samples representative of each classifica- 
tion of cable as given in Table I are shown 
in Figure 5. 

Stress-vacuum relations for these same 
cables are shown in Figure 6. The shift 
in the relative position of the curves for 
the respective samples is due to using the 
average of the manometer readings from 
the two ends of the sample. 

The summary of information pertain- 
ing to all but a few preliminary and spe- 
cial test samples is given in Table III 
which gives some idea of the dimensions 
and relative performance of the different 
cables. The tensile stress values from 
Table I are regrouped in Table II in order 
to get a comparison of average, maximum, 
and minimum values obtained for the 
types of cable under the respective classi- 
fications. 

As a result of the work shown in 
Tables I, II, and III it is recommended 
that the values of permissible pulling 
load and the maximum length of lead- 
sheathed impregnated-paper cable solid 
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Samples showing typical valve 
inserts 


Figure 3. 


type, that should be pulled with a woven- 
wire grip without damage to the cable, 
given in Table IV, be used as a first ap- 
proximation. 

Values given in Table IV and equation 
1 are based upon a maximum permissible 
stress for commercially pure lead sheath 
of 1,500 pounds per square inch and a con- 
duit friction coefficient of 0.4. 

Comparable values to those given in 
Table IV for a cable of other sheath di- 
mensions may be calculated by using the 
formula. 


Sm=4,712t(D—t) pounds (1) 


The recommended maximum permis- 
sible pulling length of a given cable may 


Figure 4. Kellems’ 
pulling grips 


Left—Variable mesh 


Right—Constant mesh 
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; ‘Maximum Pulling Loads and C 


3 LT cul: ted Length of Paper Cable Permissible \ 
og » Pulled With a ated able Permissible When 


Woven-Wire Grip 


sent the maximum strain values, because 
they do not involve that portion of the 
sheath including the failure. 

Under the grip where the great major- 


Recommended 
Maximum Per- 
missible Pulling 


. Recommended Maxi- 


Nominal Outside Diameter mum Permissible Pull- 


Is : bse Range (Inches) ing Load (Pounds) Length (Feet) ity of the failures occur, the resultant 
| Maximum Inches) Di D: P, Ps li li load is believed to be a combination of 
on Sree ieee em eek, 180.9.,...,......... 808 lateral “compression “and » longitudinal 

Oa Ca cael ae DMB ns. ost, B40 Se ed tay 623 tension in contrast to substantially ten- 
ee cag see sion stress only on that part of the sheath 
Sieg Ona ROBT WOT nied” between the bench marks. 

ee hh pees URS: hia! 2 cin ae teen 
=a) 004 SP NANA ORB Mes. 161.0006 es Ries 1,905 failure corresponded with that of the 
ae : Deng igris cos BRTe Ose es ~ Pi tse ne underlying paper insulation or shielding 
—2,100...... pee a Lay eee | Pee en eee 

Bn tae ate tenet cone td 
mY CT oes Cy oe aoa Pore eee 3,718 The paper tapes or the shielding tape 
ete : = ee 2.667... Set ae 1,589.0... ae be .3,973 and paper tape underlying the lead sheath 
AL. IBOLT BHO ages at the point of failure showed appreciable 
: _ —8,000...... ia! § Say ares Oo Ree BST ORs seinosant 5,218 change in mechanical uniformity. It is 
Be Sn Bo0e Okc set ROIS caetios..oas8 «Ot Known whether this change in posi- 
8901—. 0.2.5 oh 0.164... ERG eee. i neue tion takes place gradually at these loca- 
a ee U GG eG es «tions of greatest extension of the sheath 
—3,900...... DO A ae a eae 3 eg ee a S00. Os ae Ke ee 8,250 or whether the change occurred when the 


be calculated on a comparable basis by 
using the formula 


Be fect (2) 
cw 


The thickness ¢ and outside diameter 
D of the cable sheath are in inches. The 
recommended maximum pulling load 
Sm is expressed in pounds, the weight of 
cable w is in pounds per foot, and the pull- 
ing length L,, in feet. 

The use of these formulas requires but a 
limited amount of information including 
the weight per foot, outside diameter, and 
thickness of sheath, all of which should be 
available from the reel marking. 

Interpolation of permissible pulling 
loads for standard thicknesses of sheath 
of intermediate diameters may be made 
from Table IV or taken from Figure 7. 

The maximum recommended pulling- 
length values, Table IV are for cable hav- 
ing a weight of one pound per foot. 
These should be divided by the weight 
per foot of the cable to be pulled. 


In instances where the use of a high- 
strength brand of commercially pure lead 
or an alloy sheath is required, a higher 
maximum stress value than 1,500 pounds 
per square inch could be justified. 

A modification of the maximum per- 
missible pulling length could be justified 
likewise, if facts are available as to pre- 
vailing coefficient of friction, duct condi- 
tion, grade, bends, clearance, lubrication, 
and snubbing action to be expected at the 
entrance manhole. 


Observations From Test Procedure 
and Results 


None of the sheath failures under the 
original series of tests were between bench 
marks. With two exceptions the failures 
were under the grip and within ten inches 
of the back end. The two failures be- 
yond the grips were 1'/, and 3 inches from 
the back end as shown in section (a) of 
Table ITI. 

The recorded elongations do not repre- 


Table VA 
A. First Set 
Top Bottom 
Section No. 1 2 3 4 5 6 ee 
Bench Marks (Inches) 10 10 20 10 20 10 0 
Sent) 05 26a Gn one Elongation in inches per inch at initial maximum stress of 2,180 pounds 
per square inch 
OOD Ase O2018 a. 0-066 ,..4,60.0387.25%. OL 0545. 5. 0.012..... 000 
After 46 minutes failure occurred—ultimate elongations 
000. 3.2.0. OSG: x..5 O° 180.0... 0.088.....0.098.....0.030..... 000 
Failure occurred 3 inches within the back end of upper grip 
Sarit ple bereyar rats a.< scenester 5 Elongation in inches per inch at initial maximum stress of 2,400 pounds 
per square inch 
O00 Ses OSL Sar aie (Q)egp Gs Hare D207 Ose es 0.044..... OLS pest 0.002 
After 7 minutes failure occurred—ultimate elongations 
O.001..-.- OUOUS Tee Oe aoa OS09T eves 0.096.....0.019.....0.003 


Failure occurred just below the back end of the upper grip 
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sheath parted, 

There did not seem to be serious abra- 
sion of the sheath because of the grips, as 
slippage was practically eliminated in 
most cases. 

Sample 7, Figure 3, which had the con- 
ductors soldered into the end seal, could 
not be tested to destruction, as the sheath 
bulged just back of the end seal which 
caused the grips to slip. 

If cable end seals of usual design are 
properly made at the factory, there is 
little prospect of damaging them at any 
permissible stress to which the cable 
sheath should be subjected, especially if 
pulling grips of the reinforced type are 
used. There was but one instance where 
vacuum did not develop at the end of the 
sample. 

Examination of the samples showed 
that there was appreciable coning of the 


330-5 


LBS. PER SQ.IN. 


UNIT STRESS IN LEAD SHEATH 


OME 4a OO mS MT 20) 
UNIT ELONGATION INCHES PER INCH 
Figure 5. Stress strain relation—lead cable 
sheath 
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Table VB. Summary of Application of Load and Test Results 
B. Second Set 


eee 


Specimen 
8g 8i 8h 8f 
Time of loading (seconds)... ..-....000ssseccsseeeeees BO ieee: VD! aarrere G0) Gbs.08 420 
Time of loading (minuteés)............0 sere eeeenceees ECE. voeortd VALS. Sone soos cond 7.0 
Area of sheath (sqtiare inches) ..........0. se eeeeeenes 5860 aie GOO ME ete WEED Goce 1.641 
Stress at failure (pounds per square inches)...........-- BYUOOP  Goguc DEY AW =e nose CAO sane 2,570 
Rate of stress application (pounds per square inch 
ev)! Sa sogoGuaTaHUMGad Geno and ODROOOU Oo 2 200 meets NAB Anosd RTS ste te 367 
Woadiat tanlure (pounds) ciao el ciele el oslo eked els felsiele 4 800" re tl 4580 ie messi A ALO ee irciare 4,120 
Rate of loading (pounds per minute).........-.++eee0+> oy OOO mesteetats NER: agnate VRE Sarne.c 588 
Elongation 10 inches (inches per inch) measured 
at center of Specimen... 1 ccst eens ser ees ewes nee OZ Steere ON144 M. OF SO erry 0.165 
Vacuum (inches of mercury) 
Go ys).0 (0 ble acai ORNS On Tolo ODO OO Garo. Otucicirom 4 = 2s aiee 20) eras —281/2..... —281/2 
TBYaL Ads NIA Gaia a dio oo ROU aie Ueto pooh OC OAUIC OUkis —221/4..... —247/s..... —243/g..... —195/5 
Outside diameter (inches) : 
IBELOresxGeStcrcracinielens corer ere eis,eieka. ie fe etek eietenrastigeds \esniclesess Slt fiewren Sie Uae e/areiele CRY yogis 3.27 
PASE EE SCEST Soret rescues hus ee re sors mise acenst’s:soReTOy el aVonateNers: bist ayeyels'e 3.20 Scere! BRgdos 3.22 3,20 
Elongation 10-inch gauge length (inches per inch) 
Location along sample 
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* Nearest to point of failure. 


insulation off the end of the conductors of 
single-conductor cable, not so much on 
belted cable, and very little of this at the 
ends of type-H cable. 

A maintained load of 1,000 pounds per 
square inch of sheath causes the sheath 
to stretch and start to pull off the end of 


structively excessive, increase in the rate 
of elongation of the sheath at a stress of 
2,000 pounds per square inch. 


With the rate of loading used, the 


sheaths ruptured at apparent stresses of 
2,300 to 4,300 pounds per square inch, 
calculated on the basis of the average 
area of rings taken from the ends of the 
cable sample after test. 

The indicated tensile strength of lead 
sheath recorded in Table II shows higher 
average and maximum values for single- 
conductor cable than for multiple-con- 
ductor cable. This is likewise true of 
minimum values with but one excep- 
tion. The tensile strength indicated for 
three-conductor cable sheath over light 
wall insulation is about the same for 
belted and type-H cable; however, one 
unusually low value was obtained on a 
sample of belted-type cable. Approxi- 
mately a 15 per cent higher average ten- 
sile-strength value of sheath was ob- 
tained from three-conductor type-H cable 
with heavy wall insulation than for belted 
cable. The relatively high apparent 
stress values indicate that part of the load 
applied was transmitted to the insulation 
and conductor. 

The apparent tensile strengths of lead 
sheath given in Table II are appreciably 
higher than should be expected from ten- 
sile tests on samples of commercially 
pure lead sheath as reported by Moore 
and Allerman in Engineering Experiment 


Table VC. Summary of Application of Load and Test Results 


C. Third Set 


the cable. Specimen 
A load of 1,500 pounds per square inch on Ob pe od 
produces measurable elongation of the 
sheath between grips almost as soon as ieee a awe eae mo ebardis ioe GWarel uintahene ecetereteheneie ns 90 . -180 .300 450 
: : ame of loading (suintites) ca aeimicenneceennice 1! -.3 
the load is applied. Area of sheath (square inches).................... 1 A padeeis es res 
There is a very appreciable, if not de- Stress at failure (pounds per’ sqtiare inch)! j.20se a: 3,310 3,110 3,080 3,390 
Rate of stress application (pounds per square 
inch persmintte)es.. spe tence ote Sao ee 2,210 1,035 615 485 
Loadiat failure) (pounds) mean aeeninceee ncaa “ 4,300 4,050 3,800 4,420 
Rate of loading (pounds per minute)............... 2,870 1,350 .760 605 
4000 330-8 Elongation 10 inches (inches per inch) measured 
backvof they grip scsctdeltan geen ae te oe ick ele 0.090 0.073 0.072 0.062 
Vacuum (inches of mercury) 
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i 1000 Bottor 195070) 1. eas ose iteree edeteterea ton eh End seal End seal End seal. ...End seal 
< End Rae pera (inches) 
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Figure 6. Stress-vacuum relation—lead cable : ; ~ 
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243, “The Creep of Lead and Lead Al- 
loys 


~ 


for Power Cables,” technical report 2, 
September 1936.7 

An indication of the effect of loading 
upon thickness of sheath throughout the 
length of preliminary sample 1 and in the 
immediate proximity of the failure may 
be had from Table VII, discussed in 
Appendix III. 

Determination of the uniformity in 
quality of commercially pure lead sheath 
from so representative an assortment of 
samples as source, diameter, and thick- 
ness of sheath seemed desirable. Two 
methods of bend test were used in order 
to find out whether results would be 
equally uniform as to the magnitude of 
values and variation range. The results 
of this investigation are reported in 
Appendix IV. 


Special Investigation 


: It was apparent from the test results 

under the original investigation that 

_ answers to several important questions 
were lacking. 

It was desired to know how the stretch 
throughout the length of the sample was 
distributed and to evaluate these incre- 
mental elongation values with that of the 
unfractured sheath recorded in Table III. 

It was thought that a supplemental 


Table VII 
Lead Thickness (Mils) 
Test 

Number Maximum Minimum Average 

Chemo weer 140 123 131 

1 ii CREE CEES 122 107 113 

Dre sctatien ov ahon atcha eye 128 108 117 

ith. itera esis 124 108 113 

rete egies ais rece) 125 113 118 

Te itactene ateieTle 125 112 117 

GER, Scteeaec 114 102 110 

Misty Nels Slash orexatare 131 110 120 

ne Go chomdpees Tyan 109). oe dO 
BRASS Clete cPelaers & 114-147. ..102-123...110-131 
Over-all range......-5.-0-+e0eess 102-147 


Sheath fractured between the sixth and seventh foot. 
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Used for Cable Sheathing,’® and 


Table VIII. Lead Bend Tests 
, Standard Method 90-D - 
tab Simplex Method - er an Description 
umber (Cycles) Maximum Minimum Average at Bends 
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The test numbers indicate the number of fee 


t from the top end of the test length to where the rings were cut. 


The sheath was pulled apart between six and seven feet from the end. Two tests were made by the Simplex 


method at each location. 


investigation of a series of samples hay- 
ing a common quality of commercial lead 
sheath and tested under different loading 
conditions would develop some of the 
answers. 


SPECIAL TESTS 


The results of these special tests are 
reported here as a supplement to the origi- 
nal report. 

It was thought that a longitudinal rein- 
forcement of friction tape with a helical 
wrapping of like material over the sheath 
which extended from ten inches inside to 
two inches beyond the back end of the 
grip would shift the sheath fracture to oc- 
cur between the regular bench marks. 
This it failed to do, but it did eliminate 
any appreciable tendency of the grips to 
slip. All special test samples were so 
reinforced. 

The three sets of special test results are 
reported individually because of variations 
in procedure. (Tables VA, VB, and VC.) 

A. Furst Set. The purpose was to 
determine the extent of the elongation 
that occurred in various sections of the 
sample lengths and to compare the strain 
on the sheath between bench marks at 
the center of the sample with that in the 
section under the grip which includes the 
failure. 

The sheaths of two specimens were 
graduated by 10-inch and 20-inch bench 


marks. Wire pulling grips were used on 
both ends of the samples. The load was 
applied gradually, and readings were 
taken at each increment increase of 1,500 
pounds, allowing only time necessary to 
take manometer reading and to measure 
the elongation and diameter over the 
sheath between the bench marks at the 
center of the specimen. 

Samples used were three-conductor 
500,000-cireular mil Compack 2?/¢4-inch 
paper, °/e4-inch lead. 

B. Second Set. The purpose was 
to determine the time-ultimate stress re- 
lation, the variation in elongations be- 
tween ten-inch bench marks, throughout 
the length of the samples, and the varia- 
tion in strain at the center of the sample 
and in the location containing the failure. 
Wire grips were used on both ends of the 
samples. 

The ultimate stress was estimated as 
3,000 pounds per square inch for all rates 
of loading. The time intervals of loading 
were set to approximately 1!/2, 21/2, 5, 
and 7 minutes. These rates of loading 
were reasonably well realized by the use 
of a stop watch and the testing-machine 
loading valve. 

The same cable was used as that for 
AMM RATSE AOC lag 

C. Third Set. The first and second 
sets of special tests show that stretching 
of the sheath takes place more or less 
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pounds on lead-encased cable 
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evenly at both ends of the samples when 
pulled with woven-wire grips. 

The purpose of this set of tests is to de- 
termine how the elongation of the sheath 
takes place when the relative effective 
length of the stretched sheath is doubled 
by placing a pulling eye on one end and a 
woven-wire grip on the other end of the 
sample. 

An ultimate stress was estimated as 
3,000 pounds per square inch for loading 
intervals of 11/3, 21/2, 5, and 7 minutes 
respectively. 

The sheath was graduated by ten-inch 
bench marks. The increment laid off just 
outside of the grip was used for elongation 
measurement readings while the sample 
was being loaded. The outside diameter 
recorded was taken halfway between 
these bench marks. The lower of these 
bench marks on the grip end was located 
about four inches above the back end of 
the grip on account of the reinforcing tape 
over the sheath. 

A line was drawn from end to end of 
each sample to be used as a reference in 
determining whether or not the cable 
twisted while being pulled. 

The samples were mounted in the ma- 
chine with the wire pulling grips at the 
bottom. 

The end displacement is an average of 
several probe depth measurements 
through the valve stem in the end seal, 
minus the length of the valve stem. 

Samples used were three-conductor 
500,000-circular mil Compack 1!9/¢4-inch 
paper, °/s-inch lead. 

Elongation of the sheath extends back 
to the wipe at the pulling-eye end. It 
is expected that elongation of the sheath 
would take place over a greater distance if 
longer samples could have been used. 


Conclusions 


If stresses in commercially pure lead 
sheath are in excess of 1,500 pounds per 
square inch, vacuums of high magnitude 
are quite likely to develop. 

Lead sheath can be stretched seriously 
without the damage being apparent from 
visual inspection. Serious stretching can 
be detected as variations in diameter tape 
measurements. 

There is a possibility that in some in- 
stances the insulation quality might be re- 
duced because of a change in the me- 
chanical uniformity of the insulation un- 
derlying sheath that has been stretched 
excessively. 

Excessive stretching of the sheath and 
the resulting disturbance of the mechani- 
cal uniformity of the underlying insula- 
tion could account for excessive cable 


146 TRANSACTIONS 


heating and many manhole and joint 
failures of the past. 

There is need for extreme caution, when 
luffing or ratcheting cable for slack in 
manholes, or in removing cable to be re- 
installed, not to damage it by stretching 
the sheath excessively. 

The extent of stretching occurring dur- 
ing pulling or as a result of adjustment of 
the cable in the duct by luffing can be de- 
termined readily by placing ten-inch 
bench marks along the sheath under and 
just beyond the back of the grip. 

Excessive stretching of the lead sheath 
off the end of the cable produces a high 
degree of vacuum which may be respon- 
sible for the creation of voids within the 
insulation some distance back from the 
end of the cable through the transfer of 
compound from the insulation into the 
space developed at the pulling end of the 
section. 

It is possible that the effect of this mi- 
gration of compound may have accounted 
for an appreciable percentage of cable 
failures in the pulling end of section 
lengths within the manhole or adjacent 
to the conduit entrance. 

There is appreciable cold flow of com- 


mercially pure lead sheath if a stress of . 


1,500 pounds per square inch is exceeded, 
which not only reduces its effective thick- 
ness but may reduce its flexure fatigue re- 
sistance. 

Overstraining of the cable sheath might 
be avoided in many cases by checking ex- 
perienced judgment against a precalcu- 


‘lated value of maximum recommended 


load or cable length by means of the pro- 
posed formulas. 

Calculation of the maximum permis- 
sible load to which a cable should be sub- 
jected is of questionable value for mar- 
ginal cases, unless some practical device 
is available that will indicate continu- 
ously the actual load to which the cable is 
subjected or limit the load at the chosen 
maximum permissible value during in- 
stallation. If such facilities are not avail- 
able, there is no way of telling whether 
the cable sheath may have been over- 
stressed during installation. 

The use of woven-wire pulling grips 
can be justified with practically any size 
or type of cable where there is adequate 
duct room and the safe maximum stress 
on the sheath is not exceeded. 

When deciding upon the type of con- 
nection to be used on the pulling end of 
the cable in marginal cases, consideration 
should be given to the value of the cable 
per foot that may be lost through damage 
from excessive stretching of the sheath 
and the potential saving in reducing man- 
hole slack allowances if pulling eyes are 
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used. In case of doubt, as with border- 
line cases, it is always safer to require 
the attachment of pulling eyes. 

Factual field information gathered from 
installation experience through the use 
of the simple device of placing ten-inch 
bench marks along the pulling end of the 
cable would prove valuable in establish- 
ing some limit of elongation of sheath be- 
yond which it could be considered quite 
definitely that the quality of the cable 
had been impaired. 

Samples of cable can be prestressed by 
the use of pulling grips to a point where 
the sheath has been stretched excessively. 
These samples could be subjected to cyclic 
loading tests to determine what effect the 
disturbance of mechanical uniformity 
caused by excessive stretching of the 
sheath has on the performance in com- 
parison to that of an adjacent nonpre- 
stressed sample of the same cable. 

In the case of small conductors where 
the permissible load would be limited by 
the formula 0.008 conductor circular 
mils, the permissible load on the lead 
sheath may be added to that permitted 
on the conductor if the conductor and lead 
sheath are joined securely to a pulling eye. 

It is hoped that a study of the data pre- 
sented will stimulate discussion of an old 
subject and lead to the development of 
more adequate control facilities for field 
use and to the adoption of a few practical: 
rules for the guidance of men in the field, 
who, after all, carry the responsibility for 
the proper handling of cable installations. 

If, as a result of this work, there is any 
contribution that will make it possible for 
cable engineers of the utilities and the 
manufacturers to discriminate as to when 
pulling eyes or socketing of conductors 
into the end seals should be specified in 
preference to the conventional type of end 
seal, the expense and effort will have been 
justified. 


Appendix |. Excerpts From 
Literature 


The National Electric Light Association’s 
underground systems committee reports on 
cable installation records current practice 
among utilities as of 1925.1 The 1926 re- 
port? summarizes opinion as to the effect of 
stress upon the cable and states the means 
of judging damage as follows: 


“Information obtained—principally from the 
cable manufacturers—leads to the conclusion that 
the electrical characteristics will not be effected if 
the cable physical characteristics be not disturbed. - 


“In summarizing the reports from the manufac- 
turers and from the operating companies, it would 
appear that in the ordinary installations of cable no 
serious harm can be done the cable unless there be 
visible mechanical injury, which has led one of our 
members to inject the thought that it is ‘highly un- 
desirable to install such long lengths of cable as 
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overstress the lead sheath either in installa- 


Cases it is necessary to take extra hitches on 
ble in order to secure sufficient slack in the 
le into which the cable is pulled.” : 
_ There is available extensive information 

elative to stresses on cables fitted with pull- 
g eyes as a result of the field experiments 
ducted by Carroll H. Shaw.® 


tion found in connection with cable pulls 
are presented in the NELA underground sys- 
tems report on ‘Cable Installation for 
1930.4 The committee’s conclusion as to 
available material relative to coefficient of 
_ friction range to be considered in the pulling 
of cable is quoted from NELA underground 
systems Reference Book.5 


“A&A conservative rule of thumb that has been 
used allows a pulling tension of 0.75 times the total 
weight of cable being pulled. If this limit is greatly 
exceeded, it would appear advisable to look for 
possible damage to the cable sheath such as scoring, 
gouging, or deformation. Certainly under no con- 
ditions should the stress be large enough to produce 
permanent elongation of the copper. The factor 
0.75 mentioned above is the coefficient of friction 
between cable and duct. This varies widely de- 
pending upon conditions. 


“For well-lubricated well-constructed straight ducts 
with ample clearance between cable and duct the 
coefficient of friction will average about 0.40.” 


The NELA underground systems com- 
mittee, in its 1930 report on cable installa- 
tion, summarized its conclusions on this 
phase of their report as follows: 


“The problem has been considered by the subcom- 
mittee this year on the basis that: 


“1. No limit to the pulling stress has been set by 
the manufacturers or users of power cable, and it is 
therefore one of the duties of the committee to 
render a decision on this point. 


“2. The maximum stress to which the cable is 
subjected is the only figure of value in determining 
whether 

“(a). The cable has been injured during installation. 
““(6). A value for the safe maximum stress to which 
a cable may be subjected. 


. 


“In discussion of the possibility of setting a safe 
value for the maximum pulling stress, it wil] be 
_ found in all cases that the injury to the cable is 
evident on the sheath of the leading end, except in 
those cases where, through oversight, the cable has 
jammed at the entrance to the duct. In the latter 
circumstance the dynamometer reading will not 
indicate necessarily that damage has been done. 


If, however, the cable has been overstressed me- 
chanically, the leading end is the only portion of the 
eable which has sustained the maximum stress, 
and this is the stress recorded by the dynamometer. 
The stresses which exist in the cable behind the 
leading end are unknown and indeterminate by any 
practical measuring device but of a lower magni- 
tude than the stress on the leading end which has 
already been determined. The leading end, how- 
ever, is brought out for visual inspection at the end 
of the pull, and, if the conductors are not pulled 
away from the sheath, and the lead is not damaged, 
there is no possibility that dynamometer readings 
could indicate other damage. 


‘“This accessory is important, however, for improv- 
ing installation methods and devices, especially in 
connection with new or unusual cable types, and a 
great deal of experimental work has been done by 
the larger companies along this line.”’ 


Appendix Il. Short-Time Tensile 
Strength of Lead Sheath 


The apparent stress values obtained from 
the samples of cable tested and shown in 
Table II are appreciably higher than re- 
ported tensile-strength values for com- 
mercial lead cable sheath. 
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or removal, having in mind the fact that in 


Short-time tensile test results reported by 
Moore and Allerman® on sections taken from 
samples of cable sheath in both longitudinal 
and transverse directions to the axis of the 
sheath and tested at a head speed of 0.02 
inch per minute are given in Table VI. 

Results of short-time tests on circumferen- 
tial strips of lead sheath reported in connec- 
tion with the joint Association of Edison 
Illuminating Companies and Insulated 
Power Cable Engineers Association re- 
search technical report’ show for commercial 


cable sheath without reference to quality 
of lead: 


Weighted average of 


\ niin value..... 2,362 psi 
a 


minimum value, , . 1,569 psi 
maximum value . . 2,660 psi 


These results cover tests made at 11 dif- 
ferent laboratories on samples taken from 
the same sheath lengths. Testing speeds 
varied from 0.2 to 1.25 inches per minute. 


Appendix III. 

sults from Lead Sheath After 

Being Subjected to a Loading 
Test 


It was thought desirable to get some indi- 
cation of the effect of stretching on thick- 
ness and physical characteristics of the 
sheath throughout the length of a sample, 
as indicated by the IPCEA and the Simplex 
equipments and procedures for bend tests. 
(See Tables VII and VIII.) 

One of the samples used for preliminary 
tests in setting up the test procedure was 
ringed at the ends and at one-foot intervals. 
One two-inch ring and four one-half-inch 
rings taken at each location gave the results 
shown in Table VII. 

Figure 8 shows the location and number- 
ing of test rings in the immediate proximity 
of the failure of preliminary sample 1. 

A one-half-inch ring was taken for stand- 
ard bend test as close as possible to the 
sheath fracture (1B), one above (17), and 


Figure 8. Diagram showing the location and 
numbering of test rings adjacent to failure 


T—Top end during pulling strain test 
B—Bottom end during pulling strain test 


Table IX 
Thickness— IPCEA Bends Cycles 
Mils 90 Degrees (Simplex) 
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Physical Test Re- 


* All knife edges. 
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the other below (1B). Adjacent to the 
lower ring 1B, successive rings 2B, 3B, and 
4B were examined with the results indicated 
in Table IX. 

The fractures follow the helices of the 
paper tape directly under the sheath. The 
lead thins down in a long taper to a knife 
edge at the fracture as expected. Stretching 
of the sheath apparently did not change the 
bending-test results seriously. 


Appendix IV. Bending Tests on 
Samples of Lead Sheath 


The standard bend-test procedure and 
equipment required under the Specification 
for Impregnated Paper Insulated Cable, 
Solid Type (sixth edition, November 1937), 
high tension cable committee, Association of 
Edison Illuminating Companies, and an 
alternate known as the Simplex method 
were used. The latter has been under con- 
sideration as a possible standard for pro- 
cedure in manufacturing control work. It is 
made quickly and involves the entire cir- 
cumference of the sheath in a single test. 

The rings for test were taken about four 
inches back of the seals from each end of the 
test length. Adjacent rings from each end 
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Cycles Set 1 Set 2 
AVELGZE = osud comin olononon DL oigacrenttells, ties Senge 11.4 
AW Ghar Goohbbool” wtoan ecoceenme D DIET aierasoats oan 7 
WAGERS STNIATTY Fahl ac oragte Sans PA yore of an eth austen 14 
Table XB 
All 
All Top Bottom 
Samples Samples 
AS GIGS Gar ralletel plans thane ete u TAN sam REO IC ICRA Che ah erg 
Average—all sam- 
DICT cscs Sek ere elki ot efalernie arate 11.6 
Maximum spread— 
Bsa PLES! sausters oes) sda re lage 7 to 14.5 


were used for the respective tests. The 
sheath had not been abraded because of the 
protection by the pulling grip reinforcement. 
The arithmetical averages of the number 
of 90-degree bends and the range of values 
under the standard method are as follows: 


Maximum 69.3 with spread 57-83 
Minimum 47.1 with spread 31-61 
Average 57.7 with spread 48-67 
Over-all range 31 to 83 bends 


The arithmetical average of the perform- 
ance tests made on the Simplex tester 
showed for two sets of samples, each set con- 
sisting of a ring from the top end and from 
the bottom end of the cable length, the re- 
sults shown in Table XA. 

If tests of all top samples and tests of all 
bottom samples are averaged, they show 
the results given in Table XB. 
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Synopsis: The paper presents a method of 
determining approximately the maximum 
continuous current-carrying capacity of con- 
ductors in overhead lines, as fixed by certain 
operating limits of temperature and time, 
beyond which it is expected that the physi- 
cal characteristics of copper conductors 
might be materially impaired. The paper 
deals illustratively with conditions in the 
Philadelphia area, but the method is equally 
adaptable to any situation. 

The design limits of ampere ratings deter- 
mined herein, are from 10 to 35 per cent 
higher for bare conductors, and from 10 to 
20 per cent higher for covered conductors, 
than those previously used in the Phila- 
delphia area. Operation at load equal to 
the design limit will, during 99.93 per cent 
of the hours in the average year, maintain 
copper temperatures below 100 degrees 
centigrade in normal operations and below 
135 degrees centigrade in emergency opera- 
tions. 


NDER ordinary conditions and par- 
ticularly in the design of new single- 
purpose lines, there is little doubt that 
some sort of cost balance akin to Kelvin’s 
law favors conductor sizes sufficiently 
large to give operating-temperature limi- 
tations a place of rather remote interest. 
Considerations of voltage variation and 
the advance provision for expected load 
growth in general-purpose distribution 
lines also favor the initial installation of 
conductor sizes considerably larger than 
the minimum that could be used if neces- 
sary. 
The present emergency naturally com- 
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pels a reconsideration of the design limits 
of conductor size, but not without a pos- 
sibility of substantial future advantage 
to those central-station systems which 
will utilize the information thus gained 
to make the maximum use of an installed 
line-conductor size, rather than to aban- 
don it in favor of an avoidable change to 
a larger conductor size. In the authors’ 
experience there has been no instance 
where the natural cost balance that nor- 
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Figure 1. Principal effect of conductor diame- 
ter on ampere capacity of overhead lines 
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mally favors oversize conductors in new 
lines has been sufficient to offset the 
large expense that must be accepted 
when an otherwise adequate line con- 
ductor size must be abandoned in order 
to provide a larger size. 

Line accessories such as conductor 
clamps and disconnects can have limita- 
tions that will become critical. Likewise, 
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it is always possible that conductor clear- 
ances will need to be reconsidered at criti- 
cal points, along lines which possibly 
might be required to operate at abnor- 
mally high conductor temperatures. 
Such limitations may be removed by 
thoroughly normal procedure and, usu- 
ally, at much lower cost than to increase 
the conductor size. The working limits 
of the conductor material in its cooling 
medium must be known, however, before 
the other factors can be considered ap- 
propriately. This paper, therefore, cen- 
ters its attention upon an approximate 
appraisal of present knowledge about the 
physical limitations of copper and a recon- 
sideration of the natural heat-dissipating 
properties of conductors in overhead lines, 
as related to their effect upon the practi- 
cal design limits of ampere loading for 
overhead lines. 


Mechanical Limitations of Bare 
and Covered Copper 


To the extent that copper may be said 
to have elasticity, then elasticity is the 
property of overhead line conductors 
which is most affected by temperature 
and time. Soft-drawn copper has very 
little and hard-drawn copper has the most 
but whatever elasticity is possessed by 
any conductor will be impaired to the 
extent that temperature and time may 
anneal the copper. The natural drawing 
effect which accompanies the mechanical 
stretching of copper imparts some meas- 
ure of elasticity to it which it did not pos- 
sess previously. Hence, mechanical tests 
of copper conductors, after partial anneal- 
ing without mechanical stress may not be 
directly comparable to similar tests of 
identical conductors similarly heated, 
while kept under normal stringing tension. 
All of these factors contribute to a natural 
uncertainty that makes the mechanical 
characteristics of copper at comparatively 
low temperatures appear to be almost 
akin to the mechanical characteristics of 
alloy steels at much higher temperatures. 

There appears to be considerable un- 
certainty, for instance, whether copper 
begins to anneal at’ 100 degrees centi- 
grade or at 130 degrees centigrade. The 
range of uncertainty suggests, however, a 
probability that operating temperatures 
may be permitted to exceed 100 degrees 
centigrade on occasion, without material 
effect upon the mechanical properties 
of overhead conductors, provided the. 
temperature will seldom exceed, say, 130 
degrees centigrade. 

There are occasions, happily very in- 
frequent in well-managed distribution- 
System operations, however, when the 
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e coincidence of heavy loads with the 
ilure of supply plant places the operator 
dilemma. His alternatives in such a 
ustance are to mistreat certain sur- 
ing supply plants, to cut off certain 
tomers, or to delay restoration of in- 
errupted service. His choice naturally 
favors the customer, up to the point 
where the imminence of surviving plant 
failure seriously threatens inconvenience 
_ to other customers as well. The customer 
_is pretty reasonable about a service in- 
_ terruption, so long as he knows that the 
interruption was unavoidable. If he were 
a metallurgist, however, he probably 
would be reluctant to agree that literal 
observance of a 130 degree centigrade 
line-conductor temperature limit was 
sufficient reason for a service interruption. 
He might have some reason to suspect 
that temperatures as high as 175 degrees 
centigrade to 200 degrees centigrade 
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in series and stressed to a constant tension 
of 1,000 pounds—the approximate string- 


ing tension, Thermocouples were placed 


on two sections of the conductors and in 
each of the line splices. A temperature 


_ of 200 degrees centigrade was maintained 


essentially constant at a control point on 
onesection of the conductor for about eight 
hours a day on six successive days.for an 
aggregate of 44 hours. During the test, 
the other section of conductor maintained 
an essentially constant temperature of 
180 degrees centigrade. The line splices 
were about 20 degrees cooler than the 
conductors and gave no evidence of any 
change in their contact resistance. 


After the temperature tests were com-- 


pleted, approximate (eight-inch exten- 
someter) stress-strain tests were made 
on each of the test samples and also on 
an unheated sample of the original con- 
ductor from which the test samples had 
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might be accepted for an hour or two 
without material impairment to the line 
conductor, because that is the range in 
which the annealing time is known to be 
in the order of days rather than weeks or 
years. 

A test was made, therefore, to deter- 
mine approximately what damage the 
conductor and its automatic line splices 
might sustain during operation for a few 
hours at 175 degrees centigrade to 200 de- 
grees centigrade. The test was made in 
a 12-foot frame, in which four short sec- 
tions of bare medium hard-drawn, number 
00 stranded copper conductors and three 
automatic line splices were connected 
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rare occasions, but that 200 degrees cen- 
tigrade may cause serious annealing of 
the copper. The region between 175 de- 
grees centigrade and 200 degrees centi- 
grade appears to be a very critical one. 
Therefore, 175 degrees centigrade was ac- 
cepted as the reasonable operating tem- 
perature ceiling for overhead copper con- 
ductors during the very rare emergencies 
in the life of a line when there might be a 
one- or two-hour coincidence of plant 
failure, maximum load, high ambient 
temperature, and low wind velocity. 
The condition of the cover is a sub- 
ordinate consideration. Hence the tem- 
perature of the cover, if present, should 
be correlated with the copper-tempera- 
ture limits. Approximate calculations 
had indicated that 175 degrees centi- 
grade copper would make about a 130 de- 
grees centigrade maximum outside surface 
temperature for triple-braid weather- 
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Figure 3 (right). Ef- 

fect of air tempera- 7 

ture and wind veloc- 

ity upon atmospheric 
factor K 


been cut. The unheated sample of num- 
ber 00 conductor broke at 5,500 pounds 
tensionafter about 0.9 per cent elongation. 
The 180 degrees centigrade sample broke 
at 4,600 pounds tension after 1.7 per cent 
elongation, whereas the 200 degrees cen- 
tigrade sample had 30 per cent elongation 
without breaking at 3,600 pounds ten- 
sion. In each test, the strength of the 
splices was superior to that of the con- 
ductor. 

Thus, it was concluded that the physi- 
cal characteristics of the copper conduc- 
tor and its automatic line splices would 
not be altered appreciably by short-time 
operations up to 175 degrees centi grade on 
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80 degrees centigrade surface—overhead 


K=W(ts—A)*v 


where 

t,=temperature of conductor surface—80 de- 
grees centigrade 

A =ambient temperature of air—degrees centi- 
grade 

v=wind velocity—feet per second 


proof covering. This limit is severe but 
is still well below the 182 degrees centi- 
grade (360 degrees Fahrenheit) minimum 
impregnating temperature recommended 
in the Purdue University Engineering 
Bulletin 43, November 1932. A drip test 
made on six standard samples of number 
6 triple-braid weatherproof wire, oven- 
heated to 82 degrees centigrade for one 
hour, then to 130 degrees centigrade for 
two hours, developed bubbles on four 
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samples after the first half-hour at 130 
degrees centigrade. Two samples showed 
no ill effects, and no compound dripped 
from any of the samples so tested. Time 
is a factor, hence the over-all effect of 
temperature and time is expected to be 
slight during a few nonconsecutive hours 
in the life of the cover, when there might 
be a rare coincidence of critical atmo- 
spheric conditions and emergency load. 
With 100 degrees centigrade copper, the 
outside-cover-surface temperature is esti- 
mated to be 80 degrees centigrade, or just 
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Figure 4. Minimum value of K in any hour for 
Philadelphia by days in June, July, and 


August, 1936-39 
100 degrees centigrade surface 
K=Wt;— AV 
where 


t;=temperature of conductor surface—100 
degrees centigrade 

A=ambient temperature of 
centigrade 

V=wind velocity—feet per second 


air—degrees 


below the 82 degrees centigrade standard 
acceptance specification for triple-braid 
weatherproof wire. With the design 
limits of conductor temperature thus ap- 
proximately determined, it becomes ap- 
propriate to review the effects of ampere 
loading upon temperature. 


Conductor Heating 


The conductor heating effects are three 
and need little elaboration. At a given 
ampere loading, the power losses in- 
crease as the conductor resistance in- 
creases with temperature. Part of the 
power losses is dissipated by radiation 
according to the Stefan and Boltzman 
law. The remainder of the losses in out- 
door conductors is dissipated by forced 
convection, for which an approximate 
formula has been developed by Schurig 
and Frick,! who have also shown that the 
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effect of sunshine becomes very small in 
heavily loaded conductors. The natural 
heat balance is quite simple. The com- 
plete algebraic expression for the relation 
between amperes load and temperature is 
somewhat unwieldy because of the dissimi- 
larity between the separate effects that 
must be correlated. By the method de- 
tailed in the appendix, however, it will be 
seen that the principal effects of con- 
ductor diameter, conductor-surface tem- 
perature rise above ambient, and wind 
velocity, may be factored out so as to give 
the following convenient expression for 
ampere carrying capacity: 


I=CKdwW/d+2s 


where d is the conductor diameter, s is the 
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cover thickness, K is the atmospheric fac- 
tor, and C is a slow-moving residual co- 
efficient which is essentially a constant 
for any given set of design limitations. 

The principal effect of the conductor 
diameter and its cover, if present, may be 
seen in Figure 1, for the illustrative con- 
dition (CK =1,500). The position of the 
curve for covered wire above that for bare 
wire, is not particularly significant. In 
Philadelphia, for instance, the apparent 
advantage of covered wire in Figure 1, is 
offset by an 11 per cent lower design 
limit of CK. 

The atmospheric factor (K= 
~/(t;—A)*%») may be evaluated directly 
from United States Weather Bureau data 
by the use of the chart in Figure 2 for bare 
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conductors, or that of Figure 3 for covered 
ones, as the case may be. The results of 
such a survey may then be summarized, as 
in Figures 4 and 5. Maximum ambient 
temperature is not coincident with mini- 
mum wind velocity in the Philadelphia 
area. The 15-year maximum ambient 


of 40 degrees centigrade was accom- 


panied by an 11-miles-per-hour wind. 
Other maximum ambients ranged from 35 
degrees centigrade at five miles per hour 
to 39 degrees centigrade at 13 miles per- 
hour. The most critical coincidence, 23 
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80 degrees centigrade surface 

K= W(ts—AYV AV 

where 

t, =temperature of conductor surface—80 de- 
grees centigrade 

A=ambient temperature of 
centigrade 

V=wind velocity—feet per second 


air—degrees 


degrees centigrade at one mile per hour, 
made the lowest values of K shown in 
Figures 4 and 5. The condition did not 
persist for more than one clock hour in 
any day and occurred on less than six 
days in the average year. 

It was considered reasonable therefore 
to permit copper temperatures to reach 
values in the neighborhood of 130 degrees 
centigrade with normal load or 175 de- 
grees centigrade for any emergency load 
that might on a few rare occasions be co- 
incident with so critical an atmospheric 
condition. The design values of K that 
are indicated in Figures 4 and 5 were se- 
lected so as to observe 130 degrees cen- 
tigrade as the approximate ceiling for - 
normal operations and 175 degrees centi- 
grade as the ceiling for emergency opera- 
tions. A summary of the resulting ap- 
proximate maximum hour conductor tem- 
peratures during the three hottest months 
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by using arbitrarily the value 
‘ would give the maximum esti- 
of copper temperature. 


normal design-limiting conditions 
the Philadelphia area, the value is 
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Figure 6. Approximate maximum-hour con- 
ductor temperature at ampere load limits in 
Philadelphia by days in June, July, and August 


C=148 for covered conductors. For 
emergency operations in Philadelphia the 
most critical values occur in the smallest 
conductor size and are respectively: 
C=119 for bare-stranded, C=135 for 
bare-solid, and C=144 for covered wire. 


Ampere Design Limits in 
Philadelphia 


Table I summarizes the ampere design 
limits for overhead copper lines in Phila- 
delphia, as developed by the method de- 
scribed in this paper. 

Winter load limits will be somewhat 
higher than given in the table. Tentative 
indications are that normal ratings may 
be increased ten per cent and emergency 
limits five per cent from November 
through March. The limiting atmos- 
pheric conditions are not much less se- 
vere than in the warmer months. How- 
ever, about one half of the winter hours 
with critical ambient-temperature-wind 
combinations are accompanied by rain. 
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* ductor, 


Conclusions 


1 The paper deals with the carrying capac- 
ity of conductors in overhead lines, as deter- 
mined by the effect of temperature and time 
upon the physical characteristics of the con- 
The paper does not deal with con- 
siderations of voltage variation, power loss, 
nor other factors that may favor larger con- 
ductors than are physically adequate for the 
immediate purpose. 


2. The common assumption that maximum 
ambient temperature and minimum wind 
velocity are coincident is not supported by a 
study of United States Weather Bureau 
records for the past 15 years in Philadelphia. 


3. The ampere load limits for overhead 
conductors in any situation can be evaluated 
directly from local records of critical am- 
bient temperature and wind by the method 
given in this paper. The cooling effect of 
rain is not included, because it is absent 
during otherwise critical hours in summer 
and during one half of such hours in winter. 


4. Coincidence of load-limit amperes with 
an hour of critical atmospheric conditions 
seems to be a contingency so remote that 
the resulting copper-temperature ceiling 
need be observed only as required in order 
to avoid weakening or oversagging the 
conductor. 


5. Conductor temperature ceilings of about 
130 degrees centigrade normal and 175 de- 
grees centigrade emergency maximum ap- 
pear permissible if of short duration and 
sufficiently infrequent. A 44-hour test has 
indicated that a few hours at 175 degrees 
centigrade should not change materially the 
physical characteristics of medium-hard- 
drawn copper wire or of automatic line 
splices, but that 200 degrees centigrade 
might cause serious annealing of the wire. 


6. To recognize for the present at least 
the need for caution in utilizing tempera- 
tures approaching a critical zone for copper 
wires, the ampere load limits for Philadel- 
phia are designed to keep copper tempera- 
tures regularly below 100 degrees centigrade 
normal or 135 degrees centigrade emergency. 
During the past 15 years, however, there 
has been an average of six nonconsecutive 
hours per year when a coincidence of load- 
limit amperes with critical atmospheric 
condition might make the copper tempera- 
ture in some part of the line approach a 
ceiling of about 130 degrees centigrade nor- 
mal or 175 degrees centigrade emergency 
maximum. 


Appendix. General Expression 
for Current Ratings of Overhead 
Conductors 


The current-carrying capacity of medium- 
hard-drawn copper conductors in outdoor 
overhead service was calculated for steady- 
state conditions. In the steady-state con- 
dition, the heat dissipation is equal to the 
I?R loss in the conductor, or 


I’?R=WS watts (1) 


where :S is the surface area of the conductor, 
W is the sum of the watts radiated W, and 
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the watts dissipated by convection W,, so 
that 


W=W,+W, watts per square inch (2) 


In surroundings of temperature 7, de- 
grees Kelvin, the heat dissipation by radia- 
tion from long horizontal cylinders, with 
surface of E relative emissivity and surface 
temperature of 7; degrees Kelvin, is 


_ 36.8E 


W, 1012 


(T;4—T,*) watts per square inch 


(3) 


The approximate formula of Schurig and 
Frick! for heat dissipated at sea level by 
forced convection in air moving v feet per 
second crosswise to horizontal cylinder with 
outside diameters (d+ 2s) ranging from 0.3 
to 5.0 inches is 


= ty ae aes 
Cangas aes, s—4,) watts per 
Tq d+2s square inch (4) 
where 
Ta=(T,+T,)/2 
d=copper diameter in inches 


s=thickness of conductor cover in inches 


Substituting equations 3 and 4 in equa- 
tion 2 


36.8 0.0128 v 
ae 1012 Ce ee 
(lee T >) (5) 


36.8E 
= (T;- 10) ees (linet) (liga ate lige) ete 


1012 
0.0128 v 
(6) 
T0123 Yd+2s 


(Ts+T,)(Ts?-+T?) 


For convenience let 


36.8 


Ga oa 
and 


_ 9.0128 


7 0.128 
Ta 


Ce 


then 


Uv 
W= (TT) [orceqz%a.| 


watts per square inch (7) 


If it is assumed that about 75 per cent of 
the surface area of bare-stranded conductor 
is effective in heat dissipation, as is approxi- 
mately true for radiation, then the effective 
surface area S of stranded copper is equal to 
that of a smooth cylindrical envelope and 
the heat dissipated per foot of conductor is 


WS=129r(d+2s)(T;—T ) X 


CrLG 4s 
| + ve watts (8) 


The approximate average resistance per 
foot of medium-hard-drawn (97.5 per cent 
conductivity) copper of diameter d at T, 
degrees Kelvin is 


R=10-°T,,/26.7(rd)?, or 13.97 ohms per 
circular-mil foot at 100 degrees 
centigrade (9) 
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where r equals 1.00 for solid conductors, or 
approximately 0.87 for stranded conductor. 
Thus, from equations 1, 8, and 9 


WS 3207(rd)?(d+2s) X 10° 


2 LOE 
I R T, (T3—T 0) Xx 
é. v 
| He Nis, | nee 
320nrr? 6 
pa (Ty Ty)dME+29) X 
v d+2s 
1 CG C 
zee | yt us | (at) 


aye 


V(T;—T,)?)0 [d2/d+2s] (12) 


or 
le CKdw/d+2s amperes (13) 
where 

K=W(T,—T,)%=W (ts—A)*” 
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C=31 oor) c.af@#2 4.0, 


=31 coor «| ee ee MT e+T,2) X 
Ty. 


pees 
v 


0.0128 
1 fo 
A=ambient temperature in degrees centi- 
grade 
d=copper diameter in inches 
E=relative emissivity of the surface 
r=1.00 for solid, or 0.87 for stranded con- 
ductor 
s =cover thickness in inches 
t,=outside surface temperature in degrees 
centigrade 
v=wind velocity in feet per second 
T, =ambient temperature in degrees Kelvin 
T,=(T,+7,)/2 
T,,=copper temperature in degrees Kelvin 
T,=outside surface temperature in degrees 
Kelvin 
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Upon analyzing the factors in the expres- 
sion for current, equation 13, it will be seen 
that: 

K may be called an atmospheric factor 
and evaluated from Weather Bureau obser- 
vations for any given design temperature 
ts of conductor surface, as in Figure 2 for 
100 degrees centigrade, or Figure 3 for 80 
degrees centigrade. 

C is a coefficient which compensates also 
for the residuals left after accounting 
for the major effects of d and K. Cis 
practically a constant for all the usual over- 
head conductor sizes and combinations of 
high ambient temperatures with critically 
low wind velocities. For instance, all values 
of C lie within five per cent of 142 with the 
numbers 2 to 0000 sizes of oxidized (relative 
emissivity of 0.6) bare-solid conductors at 
temperatures from 100 to 175 degrees centi- 
grade. 
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7T HIS paper describes a new method of 
# calculating transmission losses within 
power systems. Reasonable accuracy is 
obtained with longhand calculation, al- 
though the same general scheme with the 
load-flow determinations carried out on a 
d-e calculating board would provide 
greater accuracy with less work. The use 
of an a-c calculating board with separate 
tabulations of kilowatt and kilovar flows 
would be even more advantageous. The 
method is based on the principle of super- 
imposing the load distribution from each 
source, determining the current in each 
line as a sum of the individual load flows 
(with each in its proper direction), squar- 
ing this expression for current, and setting 
up an equation for losses in terms of mega- 
watt generation at the various plants and 
of megawatt flows (in or out) at each 
interchange point. An outward flow of 
power at an interchange point is consid- 
ered negative generation. 

The procedure consists chiefly in deriv- 
ing a special loss formula for a given power 
system. The formula is suitable for any 
condition of generation, load, and inter- 
change. The formula involves only multi- 
plication and addition, and it may, there- 
fore, be used by semiskilled office person- 
nel. Loss determinations for a large num- 
ber of operating conditions may be made 
in an hour, thus making practicable the 
determination of losses for hour-by-hour 
readings on a dispatching log. 

The loss formula may be used for deter- 
mination of losses, either total or incre- 
mental, for billing, forecasting, or system- 
planning purposes. It has been used by 
several power companies for hour-by-hour 
determination of incremental losses. Other 
power companies have used the formula 
to derive a typical or average per cent 
loss to use over a month or longer period 
of time. The average per cent loss has 
been derived by calculating the losses for 
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10 to 50 or more representative hourly 
operating conditions and selecting an 
average value. Such determinations are 
reviewed monthly, or less often if system 
operating conditions are reasonably uni- 
form from month to month. 


Previous Methods 


Heretofore it has been necessary to de- 


termine losses by detailed calculation of 


each individual line or by detailed meas- 
urement of each individual line on an a-c 
calculating board (network analyzer). 

The determinination of losses by calcu- 
lating each line separately is slow, even if 
applied to past operations where the ac- 
tual load on each line has been measured. 
It is of little service for studies of future 
conditions in complicated networks where 
the load flows cannot be calculated easily. 
The longhand method of line-by-line cal- 
culation is too slow to use for hour-by- 
hour readings. 

The a-c calculating-board method is of 
great value for system planning or for 
other purposes where only a few represen- 
tative operating conditions are of interest. 
The time and cost of this method prevent 
its application to hour-by-hour readings. 


Procedure for Determining Loss 
Formula 


1. Secure estimated megawatt (three- 
phase) loads on primary substations for a 
heavy load hour (preferable annual maxi- 
mum hour, when system losses are pre- 
sumably the highest). Neglect transmis- 
sion losses for the time being. On most 
systems the load distribution on a per- 
centage basis changes very little from 
peak to off-peak, and the effect of power- 
factor variation is unimportant (except at 
off-peak on systems with high charging 
current). Loads at small stations may be 
prorated at terminal stations in inverse 
ratio to line impedance, without much 
effect on accuracy of the loss calculations. 

2. Secure an impedance diagram of 
the high-voltage transmission system. In- 
termediate-voltage lines may be omitted 
without much effect on accuracy of the 
loss calculations. 

3. Total the loads in item 1 and pro- 
rate in per cent (of 100 megawatts). 

4. Determine Z for the R+JX line 


values in item 2. (Disregarding power 
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factor, the flow of current will divide 
inversely as Z in each circuit.) Con- 
vert Z to ohms at the major transmission 
voltage of the system. Draw a one-line 
diagram of the transmission system with 
the proper Z value (phase-to-neutral) 
marked on each line. (Use only the scalar 
value of Z, without regard to angle.) 


5. Determine the location of generat- 
ing sources and points of interconnection, 
existing or proposed, for the system. Very 
small plants may be netted with local 
loads before tabulating these loads in item 
1. Any heavy load concentrated at one 
point and not following closely the system 
daily load curve may be considered as an 
interconnection point and handled as a 
power source (negative). 


6. Draw up a hectograph or stencil 
one-line diagram with the lines in item 2 
(omitting impedance values), with the 
substation loads in item 3, and with the 
sources in item 5. Consider each inter- 
connection as a generating source (posi- 
tive or negative). Since these one-line 
diagrams are to be used as work sheets in 
making up flow diagrams on a cut-and-try 
basis, 25 or more copies may be needed 
(unless a calculating board is available 
for the operation in item 7). 

7. Make up a synthetic megawatt 
load-flow diagram for each separate source 
on a separate sheet, using the forms pre- 
pared in item 6. Consider each inter- 
connection as feeding into the system like 
a generator, regardless of the normal flow 
of power at the interconnection point. 
Observe the direction of flow carefully 
and consistently as between diagrams, so 
that the algebraic sum of the megawatt 
flows in any line will be the correct one. 
Unless a d-c or a-c calculating board is 
available, the synthetic load-flow dia- 
grams will have to be developed by a cut- 
and-try method, making the total of the 
products of impedance times proper flow 
around any loop equal to zero. Omit 
consideration of losses in making these 
flow diagrams, unless a calculating board 
is used. In any case the total output 
from any source should be 100 megawatts 
at the source. Omit consideration of 
load and generator power factor for the 
time being, unless an a-c calculating 
board is used, on the assumption that 
the proper load flow is secured when the 
sum of the zmw products around every 
loop in the system is equal to zero or 
approximately so. (Neglect fractions 
of megawatts.) 

8. Set up a tabulation listing in the 
first column each line by the names of the 
two terminals, followed in the second 
column by the resistance of the line om 
ohms at the major transmission voltage. 
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Table | 

Sources Square Product Total 

Terms Terms Terms 
tance « A SS aceteva ayaa WER owitecto do 0 1 
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Y fe See Moceshareeterece Di ae eats 28 
Skew ' Seer cet Or cratencentel e's 36 
Ori serehcctere Of Selene stensievats Claeormac ataic 45 
VO Sistecar Hl Oren ercte Bre Pigs ok he 55 


Power flowing from the first named ter- 
minal to the second should be considered 
as positive. It is convenient to choose 
the order of terminals so that most of the 
flows in each line will be positive. Hori- 
zontally opposite each line in separate 
columns set down the megawatt flows 
from item 7 for each source. In this dis- 
cussion the various megawatt generator 
and interconnection loadings will be des- 
ignated as Gy, Gg, Ge, and so forth. 

9. Determine KV and PF, defined as 
follows: Let KV be the average phase- 
to-phase voltage (in kilovolts) for the 
heavily loaded portions of the transmis- 
sion system (usually near generating 
plants). Let PF be the average decimal 
power factor in the heavily loaded por- 
tions of the transmission system. 

10. Calculate H, which is a common 
constant factor to be applied to the square 
and product-flow totals to get three-phase 


kilowatt loss (see Appendix A for deriva- 
tion). 


La) 
~ (PFX kv)? 


11. Set up a tabulation of the square 
terms listing the lines as in item 8 and 
horizontally opposite the product of re- 
sistance times the square of power flow 
in megawatts (with each source in a sepa- 
rate vertical column). 

12. Set up a tabulation of product 
terms listing the lines as in item 8 and 
horizontally opposite the product of re- 
sistance times power flow from one plant 
times the flow from another plant. List 
separately each pair of sources, until each 
source has been used once with every 
other source. 

13. Total the columns in item 11 ver- 
tically, and multiply each of the totals by 
H, thus forming the square coefficients 
in the loss equation. These coefficients 
will always be positive. In this discus- 
sion, these coefficients will be designated 
as Kas, Kup, Kec, and so forth. Each 
coefficient when multiplied by the square 
of the symbol denoting megawatt gener- 
ation at its respective plant becomes a 
term in the final complete loss equation 
(see Appendix A for derivation). 

14. Total the columns in item 12 
vertically, and multiply each of the totals 
by 2 H, thus forming the product coef- 
ficients in the loss equation. These coef- 


ficients may be either positive or nega- 
tive. In this discussion these coefficients 
will be designated as Kaz, Kac, Kac, and 
so forth. Each coefficient when multi- 
plied by the two symbols denoting mega- 
watt generation at its respective two 
plants becomes a term in the final com- 
plete loss equation. 

15. Set up the results of items 13 and 
14 as follows: 


Loss (in three-phase kilowatts) = 
G 42K 4at+Gpe?K ppt+Go?K oct and so forth 
+G4G BK 4pt+GaGocK actGeGcK pot 
and so forth 


Use of Loss Formula 


16. The loss equation in item 15 con- 
sists of K values determined once for 
all and of plant and interconnection load- 
ings designated as Gy, Gz, and so forth, 
selected for each case for which losses are 
desired. Use loadings in megawatts. 
The total loss will be in kilowatts. The 
algebraic sum of the loadings will equal 
the net system input. Net system input 
equals territorial load plus losses. Genera- 


tion and tie-line receipts are considered | 


positive. Tie-line deliveries are consid- 
ered negative. The loss equation is now 
ready for use, unless it is desired to set up 
the results graphically, or to determine 
minimum loss conditions, or to derive a 
shorter approximate equation with only 
the major sources. After the coefficients 
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nined, the ie equation can be 
or any given loading in a few 
even if five or six sources are in- 
d. Certain simplifications are pos- 
in shinee cases, and the number of 
ces may be reduced without too great 
ect on accuracy of the loss calcula- 
ons. However, it is preferable to start 
with a comprehensive and accurate loss 
equation, so that the effect and validity 
of approximations may be determined. 


Methods of Simplifying Loss 
Formula 


17. In most cases two or more sources 
(plants and/or tie lines) in a small area 
may be totalized as one. One scheme of 
_ pooling is to determine from the complete 
loss equation new coefficients for the 
pooled sources which will give the same 
total loss as the individual coefficients 
for the distribution at the annual maxi- 
-mum hour. Errors at smaller system 
loads will be of little importance. 

18. If any plant is operated at a flat 
base load all the time (or whenever losses 
_ need to be calculated), a numerical value 
of megawatts can be substituted for the 
respective plant loading symbol, thus 
eliminating one variable and simplifying 
the loss formula for most purposes. 
Sometimes a tie line may be handled 
similarly. 

19. If any plant is either shut down 
or operated at full load, the above sub- 
stitution and one for zero load can be 
made, resulting in two loss equations 
with one less variable. One or the other 
- may be used, depending on whether the 

plant in question is on or off. Sometimes 

a tie line may be handled similarly. 

20. The most effective and generally 
useful simplification of a loss formula is 
to make use of the fact that all power sys- 
tems have a planned order of loading 
plants, except for infrequent emergency 
situations. Sometimes this order changes 
seasonally or with hydro or fuel condi- 
tions. Even if three different loading 
schedules are used during the year, three 
loss formulas with variables for only the 
regulated plants are preferable to one 
formula with a variable for each plant. 

21. If losses must be determined fre- 


quently, tables are much superior to. 


charts. 

22. Even though the loss equation is 
used only to derive loss tables or monthly 
average loss percentages, any type of loss 
chart conveys so much information that 
it seems desirable to construct a loss chart, 
even if it is based on an approximate loss 
equation obtained by reducing the system 
to two or three major source areas. 
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23. Total loss varies as the square of 
the total system load for any given fixed 
ratio of loading between plants. There- 
fore, it is possible to take loss values from 
general charts plotted in percentage or 
decimal distribution and to secure total 
loss by multiplying the chart value by the 
square of the system load. The most con- 
venient form of chart is one based on 100 
megawatts total load, with the plant and 
tie loadings in megawatts (or per cent). 
The total system loss is then equal to the 
chart value multiplied by the square of 
the system load in hundreds of mega- 
watts. 

24. In those few cases where there are 
only two sources, or where the system 
can be approximated by only two major 
source areas, a rectangular co-ordinate 
chart of system loss can be drawn up. 
The co-ordinates may be “‘total net sys- 
tem input” and “source A’’; or, “‘source 
A” and “source B.”” The loci of constant 
loss will be concentric ellipses in either 
case. 

25. In systems involving three source 
areas with one source always base loaded, 
the loss equation contains only two vari- 
ables and the above type of rectangular 
chart can be used. This chart has the 
further advantage that it is direct reading 
(instead of being on a 100-megawatt 
basis, as described in item 27). 

26. In all cases where the loading of 
three plants or ties is of major interest, 
the use of triangular co-ordinate paper is 
the most feasible means of plotting loss 
curves. 

27. In using triangular co-ordinate 
paper, the three plant loadings, in per 
cent (totaling 100) or in megawatts for 
100 megawatts system load, are measured 
perpendicularly to each side of an equt- 
lateral triangle. (K and E& triangular co- 
ordinate paper 359-32 or 344-A is con- 
venient for this purpose.) The sum of 
any three such altitudes always equals 
the height of the triangle or 100 per cent. 
The same relation holds for points out- 
side the basic triangle, if altitudes wholly 
outside the triangle are considered nega- 
tive. This permits the plotting of de- 
liveries to tie lines as negative generation. 

28. For four or more sources with 
variable loading, no means of graphic 
representation seems to be possible. 
Nomographic charts cannot be used with 
this type of equations 


Procedure for Determining Loading 
for Minimum Loss 


29. While plant capabilities and rela- 


tive power costs usually prevent alloca- 
tion of plant and tie loading on a mint- 
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mum transmission-loss basis, the deter- 


_ mination of this optimum condition is 


frequently of value. Inspection of mini- 
mum loss loadings conveys a great deal of 
information on the adequacy of trans- 
mission planning in the past and offers 
a needed guide to adequate transmission 
planning in the future. It provides a 
means by which the load dispatcher can 
compare the delivered costs of power from 
sources of equal or nearly equal cost (at 
the source). It provides a starting point . 
for empirical charts or formulas of trans- 
mission losses in those cases where the 
general loss formula after all possible 
rational simplification still contains too 
many terms for ready use. 

30. The general equation for loss can- 
not be solved for minimum loss loadings 
until use is made of the fact that the sum 
of the loadings is equal to unity, if each 
is on a percentage basis. (Otherwise the 
partial-derivative equations are homo- 
geneous, giving a determinant equal to 
zero.) 

31. Take the partial derivative of 
equations in item 15 with respect to each 
one of the sources in that equation, giving 
as many partial-derivative equations as 
there are sources initem 15. Equate each 
derivative equation to 2x. 

32. Assumptions as to system operation 
must be inserted into the equations in item 
15 before taking partial derivatives in item 
Bile 

33. Rearrange the terms in the equa- 
tions in item 32 with like sources in the 
same columns and with the columns and 
rows in the same order. Place the 2x 
terms on the right-hand side of the equal- 
ity sign. 

34. Subtract from the first partial- 
derivative equation in item 34 each of the 
other partial-derivative equations in turn. 
This will reduce the right-hand side of 
each new equation to zero, by eliminating 
the 2” term. 

35. Divide each of the new equations 
in item 35 by the unknown in the first 
term. This makes the first term numeri- 
cal, changes the unknowns to ratios, and 
reduces the number of unknowns to 
equality with the number of equations. 
The equations can now be solved simul- 
taneously for the unknown ratios (see 
pages 35-7 of ‘Determinants’ by Weld). 

36. Solve the simultaneous equations 
in item 37, preferably by means of deter- 
minants. The results will be the loading 
ratios for minimum loss with the loading 
of each source variable. 

37. If the simultaneous equations in 
item 36 are more than three in number, 
and if they are solved by addition and 
subtraction instead of by determinants, 
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care should be taken to eliminate between 
the first equation and each of the others 
in systematic order, so that each of the 
derived equations va be independent of 
the others. 

38. Total the ratios in item 36, add 
unity for the ratio of the source in the de- 
nominator of each unknown, and prorate 
so that the new total of all source loadings 
equals unity. These decimal fractions 
totaling unity constitute the simultaneous 
loadings for minimum total loss, with the 
loading of each source variable. 

39. While the preceding use of partial 
first derivatives is in general a necessary 
but not a sufficient condition of a mini- 
mum, it can be shown that the loss loci 
are concentric ellipses in any component 
plane and have a minimum at the center. 
Therefore, there can be no ambiguity 
about the point of minimum loss, and 
there is no need of taking second deriva- 
tives to determine sufficiency (see pages 
484-6 of “Calculus” by Granville, 
Smith, and Longley). 


Procedure for Constructing 
Rectangular Loss Charts 


40. If only one source loading is vari- 
able, the loss equation can be represented 
by a parabola. 

41. If only two variable sources are 
involved, a rectangular type of loss chart 
may be constructed from the loss equa- 
tion derived in item 15. The general form 
of such an equation is as follows: 


Kw loss=K 4442+ K 3,B?+K4pAB 


42. If the equation in two variables 
has been derived by base loading one or 
more sources, there will be three addi- 
tional terms as shown below: 


Kw loss=L4asA4?+Le8B?+LapABt+ 
LsA+LsB+Le 


43. Either form of equation 41 or 42 
may be represented graphically by an 
ellipse. (See page 66 of ‘‘Handbook of 
Engineering Fundamentals” by Eshbach. 
This reference shows that the loss equa- 
tion in item 15 is a conic section in the 
plane of any two variables and that this 
section meets the test for an ellipse.) 

44, The construction of ellipses repre- 
senting loci of constant loss requires a sys- 
tematic procedure if speed and accuracy 
are to be realized. 

45, The major and minor axes of the 
ellipses are seldom parallel to the co-or- 
dinate axes. The angle of one axis of the 
ellipses with respect to the B co-ordinate 
may be determined by the following ex- 
pression (but the sign of the angle and 
determination of whether major or minor 


156 TRANSACTIONS 


Table III. Loss Eoanalae 


Ee 


Up, ‘Transmission Losses—Using Two Source 
Areas—Overton-Madison Line and Anderson- 
Wilson Line Not in Service 


S=megawatts generated at Washington plus Burton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

Kilowatt loss = +0.71S?+1.22N2—1.43SN 


II. Transmission losses—Using Three Source 
Areas—Overton-Madison Line Not in Service 


S=megawatts generated at Washington plus Bur- 
ton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

Kilowatt loss = +0.71S2+1.22 N2+0.70M?— 
1.435 N —0.65SM +0.62 NM 


Ill. Transmission Losses—Using ~ Four 
Areas 


S=megawatts generated at Washington plus Bur- 
ton 

N = megawatts generated at Nelson plus megawatts 
supplied by Riverton line at Nelson (negative if 
feeding out) 

M =megawatts supplied by Overton line at Madison 
(negative if feeding out) 

A =megawatts supplied by Wilson line at Anderson 
(negative if feeding out) 

Kilowatt loss = +0.71S2+1.22N2+0.70M?2+4.47 A? 

—1.43S N—0. Bo 0.185A +0.62 NM—1.42NA 

—0.62MA 


Source 


Source 


IV. Transmission Losses—Using Five 
Areas 


B=megawatts generated at Burton 

W=megawatts generated at Washington 

N=megawatts generated at Nelson plus mega- 
watts supplied by Riverton line at Nelson (nega- 
tive if feeding out) 

M = megawatts supplied by Overton line at Madison 
(negative if feeding out) 

A=megawatts supplied by Wilson line at Anderson 
(negative if feeding out) 

Kilowatt loss = +1.10 B?+1.01W2+1.22 N2+ 
0.70M2+4.47 A2+0.73 BW —1.31BN— 
0.52 BM —0.24 BA —1.56WN —0.783WM — 
0.12WA+0.62 NM —1.42 NA—0.62MA 


axis should be checked by calculation of a 
few points from the loss equation) : 


tan=0.5 tan~![Lap+(Laes—Laa)] 


L should be replaced by K if the first 
form of equation is used. 

46, Another important determination 
is the locatidn of the center of the loss 
ellipses. This center is also the point of 
minimum loss, unless the center is at the 
origin of co-ordinates—in which case the 
minimum loss must be determined by 
other means. The co-ordinates of the 
center are as follows: 


2LaLep—LeLlap 


A = 
zi 40. saLpp—Lap? 


Ps 2LeLaa—LaLap 
40 4aLpp—Lap? 


47. In the first form of equation (con- 
sisting of K terms instead of L terms, the 
loss ellipses are concentric about the origin 
of co-ordinates, and Ap and Br are each 
equal to zero. 

48. The next items to be determined 
are the major and minor radii. There 
will be a pair of these for every value 
of loss locus to be plotted. To determine 
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these radii, make the following substitu- 
tions: 
F=La?Les+Lp*Laa—LaLslap 
G=4LaaLpea—Lap? 

49, Minimum loss occurs when: 
Kw loss=Le—(F+G) 


In item 31, x equals minimum loss (then 
unknown). 

50. Continue the substitutions begun 
in item 48: 


P=Laa+Lzasa— 4/ (Laa— Ls) Lae 
Q=Laa+Leas+ A/ (Las Lnet lee 


R1?= (major radius)? 
(F+G)+(kw loss) —Le 
F: 0.5P 
R,?= (minor radius)? 
(F+G)+(kw loss) —Le 
= 0.50 


51. An ellipse can be constructed 


most easily and with adequate accuracy 
by using three radii (see pages 2-51 of 
“Handbook of Engineering Fundamen- 
tals” by Eshbach). These radii have 
been determined analytically by substi- 
tution of the standard formula for radius 
of curvature of an ellipse (see page 152 of 
“Calculus” by Granville, Smith, and 
Longley). 

52. For each locus of constant loss, 
determine the following (in addition to 
R,and Rs): 

At the ends of the major axis (center on 
the major axis) 


Re=Rf=-Rz 


At the ends of the minor axis: 
on the minor axis) 


(center 


Ro=R,2+R; 


At some intermediate arc (length and 
center to be determined by trial) 


Ro=V RR, 


See Figure 1 for a typical loss diagram 
on rectangular co-ordinates. The ellipses 
are loci of constant loss, with all sources 
except two base-loaded. Instead of using 
the two sources as co-ordinates, the total 
territorial load of the system is used as 
one co-ordinate, and one source as the 
other. 

53. Minimum-loss co-ordinates as ob- 
tained in item 46 should be checked by 
the results of item 36. 

54. Minimum loss in kilowatts as ob- 


tained in item 49 should be checked by 


substituting the co-ordinates in item 36 
in the loss equations of item 15. 

55. Loss values at several diverse 
points on a chart constructed as per items 
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41 to 52 should be checked by comparing 
values computed from the loss equation of 
item 15. 


Application of New Method to A-C 
Calculating-Board Studies 


56. The superposition method has 
been used to date for operating purposes, 
where the use of the a-c calculating board 
(except for determining load division) 
would be impractical. There has been 
no opportunity as yet to apply the super- 
position method in a-c board studies. 
If kilowatt and kilovar load flows were 
read and totalled separately, the loss 
equation would take account of generator 
excitation, charging current, synchronous 
condensers, different load power factors, 
different R/X ratios, and so forth. True 
vector relations would be maintained, 
and it would be possible to determine 
definitely the accuracy and limitations 
of the longhand scalar method. This 
proposed combination of a-c calculating- 
board analysis with the superposition 
method is largely an unexplored field. 


Time Requirements of New Method 


57. Power systems differ widely in the 
time required to calculate loss formulas, 
as well as in the time required to use 
them. Ona system involving five sources 
(plants and tie lines) but with only a few 
loops, a loss formula was calculated com- 
pletely and checked by two men in two 
days. Other systems with eight to ten 
sources and complicated networks have 
required two or three weeks work by two 
men to calculate the loss formula. If a 
d-c or a-c calculating board is available 
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Figure 1. Typical loss chart 


System load, tie-line load, and 

loss figures are in megawatts. 

Minimum loss is 5.2, at center 
of ellipses 


for load division, the balance of the work 
in determining the loss formula can easily 
be done in N? man-hours where N is the 
number of sources. - 

58. The use of the loss formula for a 
given set of operating conditions may re- 
quire one minute or 15 minutes, depend- 
ing on the number of variable sources, 


A large number of operating conditions - 


can be calculated very quickly, if the data 
are set up in tabular form and carried out 
systematically. 

59. In general, a loss formula can be 
worked out in less time than data could be 
calculated and tabulated for an a-c board 
study. Losses for a number of conditions 
can then be calculated in a small fraction 
of the time required to read losses on the 
calculating board, not to mention the 
time to change board setups. 


Accuracy of New Method 


60. The accuracy of loss calculations 
by the superposition method outlined 
herein is estimated to be better than ten 
per cent plus or minus on single readings 
and better than five per cent plus or minus 
on daily totals—even under difficult 
conditions. Since losses are only 2 per 
cent to 15 per cent of power transfer, 
errors in determining transmission losses 
are comparable with errors customarily 
tolerated in metering input and output 
to the transmission system. 

61. The use of the scalar value of Z 
in determining load division without re- 
gard to the R/X angle has a negligible 
effect on accuracy, as may be seen by 
calculating a few typical cases (determine 
1 in loop branches with Z constant and 
R/X variable). 
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_ 62. Loss data on typical transmission 

systems show that incremental losses can- 
not be approximated satisfactorily by 
taking total losses as proportional to the 
square of the system load. Prior to the 
development of the superposition method, 
this was attempted, using a peak loss de- 
termined from the annual load factor 
and the annual kilowatt hour loss (as de- 
termined from monthly generation, tie- 
line, and primary-substation meter read- 
ings), following the procedure described 
on page 1159 of the seventh edition of the 
“Standard Handbook of Electrical Engi- 
neers.’ This square law relation for total 
loss applies only to systems with one 
power source or with several sources all 
loaded uniformly (on the same percentage 
basis). 

63. On the usual transmission system, 
the curve of total losses against total sys- 
tem load may change direction abruptly 
whenever load is placed on a new plant. 
Each change in regulating plant means a 
change in the shape of the loss curve. 
The total loss curve usually consists of 
segments of parabolas (one regulating 
source) or ellipses (more than one regulat- 
ing source) with a discontinuity at each 
junction. 

64. Incremental intrasystem trans- 
mission loss may be either positive or nega- 
tive. 

65. The possible sources of error in 
this method are: 


A. The product of voltage and power factor 
may not equal the assumed average value. 
However, most of the line loss occurs near 
the sources, and the average voltage and 


Table IV. Summary of Minimum-Loss De- 
terminations 


|. Minimum-Loss Loadings (in Per Cent of 
Net System Input) 


8 

bo g 5 
a 
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BD sotwrces lie eretele PLISOTIAC COP oiaae 6 A? acs, ere 8 
4 sources. .19...... Sli ecmrne SOPaertecs QO exc tte aha * 
4 sources. .20...... BOS Sates Aliens Hirsi e 9 
5 sources. .23...... Bee ers AB) eiersreve cle erent a 


I]. Megawatts Loss for 100 Megawatts Net 


System Input With Above Minimum-Loss 
Distribution** 
Megawatt Loss 
BTROULCES ar eh ck SEU scents aietstn ate apene aueree 0,38 
A SOIC OS ers er are tit Menai aieininty oie ale eran Gosiec Rebs 0.67 
A SOULCES |. s)a:a1era100 PSD OOO OOOO LOMO hey: 0.61 
Be BOURE CR or enn ars Mil siaiel el s\ieue .-.ahelcpisiia’'s 5) a) 8o5 5 1,00 


* Supply at this source equals zero. 


** Total loss varies as the square of the net system 
input. 
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line power-factor conditions should be deter- 
minable with fair accuracy. 


B. The product of voltage and power-factor 
changes with substation loads, interconnec- 
tion transfers, generator kilowatt loading, 
and generator reactive loading. On systems 
with large charging current, the uncorrected 
calculated losses will be too high at times of 
light generation and low interchange. An 
estimated correction is desirable in such 
cases. 


C. The principle of superposition applies to 
a-c load flows only if the line power factor 
is uniform and constant. Short-circuit 
determination on the d-c calculating board 
and other data indicate that the error due 
to arithmetic addition of currents from vari- 
ous sources is not important on systems with 
reasonably uniform R/X ratios on major tie 
lines and with reasonably uniform power 
factors on major plants. 


D. Losses are neglected in determining the 
synthetic load-flow diagrams. Analysis 
indicates that losses do not greatly change 
the load division near power sources—where 
the losses are important. Furthermore, the 
calculated currents near the sources would 
not be reduced much if line losses were sub- 
tracted. 


E. The percentage distribution of kilowatt 
load between substations changes hourly 
and seasonally, but the net effect is ordi- 


narily small, as may be seen by comparing . 


peak and off-peak board studies of typical 
systems. 


F. The prorating of small substation loads 
at terminal substations causes the calculated 
losses to be too small, but this error can be 
reduced by using a more complete transmis- 
sion diagram. 


G. Line loss is calculated on the basis of 
uniform current throughout. 


66. Errors listed under 4, C, D, and 
G are eliminated if an a-c calculating 
board is used to determine the load flows 
from each source (provided kilowatt and 
kilovar flows are tabulated separately). 
The use of an a-c calculating board will 
facilitate determination of loss equations 
for two or more conditions, such as peak 
and off-peak, reducing the errors listed 
under B and £. 

67. Even when using longhand calcu- 
lation, losses under the most important 
operating conditions can be determined 
with reasonable accuracy, using a single 
loss equation (with three to six variables, 
depending upon the number of major 
source areas). 


Appendix A. Derivation of 
Loss Formula 


Each megawatt flow in a given line 
in item 8 for a given source multiplied by the 
ratio of actual generation at that source to 
100 megawatts would give the actual mega- 
watts in the line. The total megawatt flow 
in each line is as follows designating the 
various megawatt generator and intercon- 
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nection loadings as G4, Gg, Gc, and so forth, 
and the flows—on a 100-megawatt or per 
cent basis—as F4, Fg, Fc, and so forth: 


Total flow in megawatts=(G4F4+GaFat+ 
GoFco+ and so forth) divided by 100 
per cent 


At a given transmission voltage and given 
power factor, amperes are linearly propor- 
tional to megawatts, and a common con- 
stant factor H may be applied to the flow 
totals to get three-phase kilowatt loss. Let 
kv be the average phase-to-phase voltage 
(in kilovolts) for the heavily loaded portions 
of the transmission system (usually near 
generating plants). Let PF be the average 
decimal power factor in the heavily loaded 
portions of the transmission system. 


Three-phase transmission loss in kilowatts 
in any line =(3)(J?R)(0.001) = (0.003) (7?R) 


L i my 003) (kva)?2(R) 
oss in any line = “(1.73)\kv)? 2(kv)? 


3 (0.001) (kw)?(R) « (1,000) (mw)2(R) 
- (PFXkv)? ss (PX kv)? 


Loss in. any line 

(1,000)(G4F4+GeFp+ and so forth)?(R) 
i (PFXkv)2(100 per cent)? 
(0.1)(G4F4+GeFp+ and so forth)?(R) 
x (PFXkv)? 


SO 
- (PFXkv)? 


Loss in any line = 
A(G4F4+GeFeg+and so forth)?(R) 


Intrasystem loss in kilowatts 

= H>D([(G,F4+GeFs-+ and so forth)?(R) | 

= AZ((G 4?F 4?+Gp?F p?+2G 4F 4GpFat 
and so forth) (R) ] 

= HG ,°2(F 42R)+HGp?d(Fs2R)+ and so 
forth+2HG 4Gg=(F4FeR)+ and so 
forth 


K ga=H2(F4’R) 
K 4p=2H2(F 4FpR) 


Making the above types of substitutions 
gives the general loss formula in item 15. 

The square terms will always be positive, 
regardless of the direction of flow in the line, 
and regardless of whether the plant or inter- 
connection is delivering or receiving power. 
The product terms will be either positive or 
negative, depending upon whether the basic 
flows from the two sources are in the same 
direction or not, and upon whether power is 
being delivered or received at each of the two 
sources. 

If N is the number of sources, the number 
of square terms will be N. The number of 
product terms will be (N?—N)+2 (see 
Table I). 


Appendix B. Procedure for 
Constructing Triangular Loss Charts 


If only three variable sources are in- 
volved, a triangular co-ordinate type of loss 
chart may be constructed from the loss 
equation derived in item 15. 
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Kw loss = Ky jA?+KapB*KocC+ 
Ki sAB EK cd CHR acbee 


Assume a fixed total-system net input. 
This permits elimination of one variable 
source (preferably the largest one). Sub- 
stitute: 


J=total-system net input 
C=J—-A-B 
C2= J?+A24 B? 
After completing the substitution for J, 
let J=100 megawatts. This results in an | 
alternative form of loss equation with one 
source eliminated. ; 


Kw loss= M44A?+ MeeB?+M A+ 
MpB+M 4pAB+Meo 


—2JA—2JB+2AB 


Mg=10,000 Kee 


The preceding equation would be an el- 
lipse if A and B were measured along rec- 
tangular axes. To make a graph of the 
preceding equation on triangular co-ordinate 
paper, it is necessary to measure the preced- 
ing values of A and B from triangular axes. 
The shape of the resulting figure is to be 
determined from a new equation derived 
by transforming co-ordinates. The usual 
geometrical methods of constructing curved 
figures representing second-degree equations 
assume the use of rectangular co-ordinates. 
Denoting by subscripts whether triangular 
(T) or rectangular (R) co-ordinates are used: 


M 44A7?+MoppBr?+ MyArt MeBrt+ 
M 4pA 7By7+Mo—kw loss=0 


Substitute 


Ar=0.866B zp —0.500A p 
Br=ApR 


This substitution results in another ellipse, 
referred to rectangular co-ordinates, and 
therefore easy to construct. when the major 
and minor radii, location of center, and slope 
of major axisare known. The last two items 
are the same for all values of assumed loss. 


NasAr?+NepBr?+NgArt+NeBe+ 
NapArBet+Nco—kw loss=0 


From this point on, the construction of 
elliptical loci on triangular co-ordinates is 
the same as outlined for the Z type of equa- 
tion in item 41, except that the N values 
are used. Minimum-loss co-ordinates on 
triangular co-ordinate paper will be at the 
center of the loss ellipses. These co-ordi- 
nates may be checked as follows: 


0 loss 
0OAn 


=2M 44A p+M 4pB7+M,=0 


0 loss 
2 Br 


= M4pA7+2MppBr+Mp=0 


Solution of the above equations will give 
the minimum-loss co-ordinates and check 
the center of the loss ellipses on the tri- 
angular-co-ordinate diagram. 

The slope of the ellipse axes is best re- 
ferred to the Bz axis by using the N equation.- 

In general, quantities derived by the con- 
ventional formulas of analytic geometry re- 
quire the use of the NV equation and rectan- 
gular co-ordinates, while quantities plotted 
as triangular co-ordinates require the use of 
the M equation. 
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OWER consumers often are supplied 
‘— from high-voltage distribution or sub- 
transmission circuits through transformer 
banks. When such consumers are to be 
charged on the basis of high-voltage or 
primary supply, some way of including 
the transformer losses is desirable with- 
out resorting to the difficulties and ex- 
pense of direct primary-circuit metering. 
Where metering is applied on the low- 
voltage side of the power transformers, 
errors introduced in the high-voltage in- 
put values are due to the losses in the 
transformers, and are of two kinds: 


1. Core losses: These are very closely pro- 
portional to the square of the voltage and 
independent of load. The core losses con- 
sist of hysteresis and eddy-current losses in 
the iron. These losses are also affected by 
frequency, but the variations in frequency 
on modern systems are so small that the ef- 
fect is negligible. Changes in temperature 
likewise have too small an effect to be con- 
sidered. 


1 


2. Copper losses: These are proportional 
to the square of the current. Copper losses 
may be divided into two parts; namely, the 
ordinary J?R losses, such as would be caused 
by resistance R, and the eddy-current losses. 
The temperature coefficient of the former is 
positive, while that of the latter is negative. 
Since the J?R loss is the larger, the net ef- 
fect is that losses increase with temperature. 
A temperature rise of 50 degrees centigrade 
increases the losses by about ten per cent, 
whereas the resistance of copper changes by 
roughly 20 per cent over this range. Actu- 
ally, the effect of temperature changes can 
be disregarded in the present discussion, 
since it is a small percentage of the power 
being measured. Some of the methods to 
be given can be made to compensate easily 


Paper 43-34, recommended by the AIEE com- 
mittees on power transmission and distribution 
and instruments and measurements for presenta- 
tion at the AIEE national technical meeting, New 
York, N. Y., January 25-29, 1943. Manuscript 
submitted November 27, 1942; made available for 
printing December 22, 1942. 
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etering Power on the Low-Voltage Side 
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for temperature changes, but this is more of 
a theoretical advantage than a practical one, 


Transformers of the size used in serv- 
ing consumers from medium-voltage lines 
may be about 99 per cent efficient at full 
load, with roughly equal division of the 
losses, or one-half per cent core loss and 
one-half per cent copper loss. In some 
cases, however, the copper loss at full 
load may be almost twice as high as the 
core loss. 

There are two different metering ar- 
rangements in common use: 


1. Current transformers on the high side 
and potential transformers on the low side. 


2. All instrument transformers on the low 
side. 


Arrangement 1 will measure the core 
loss but not the copper loss. Arrange- 
ment 2 does not include any transformer 
losses. 

Various! methods may be used to in- 
clude the effect of the transformer losses. 
Some are: 


1. Estimation of losses from the meter read- 
ings. 

2. Loss or compensating meters may be 
added to measure voltage squared and cur- 
rent squared, which, by proper calibration, 
will read core loss and copper loss, respec- 
tively. 

3. Line-drop compensators may be used to 
correct for transformer resistance drop and 
so include copper loss. 


4, Dummy loads may be added to instru- 
ment transformer secondary windings to cor- 
rect for core loss. 


5. Methods 3 and 4 may be combined, us- 
ing compensators for copper loss and dummy 
loads for core loss. 


6. Light-load and full-load meter adjust- 
ments may be altered to shape the load curve 
to the reciprocal of the transformer eff- 
ciency curve. 

7. Methods 3 and 6 may be combined, by 


using compensators for copper loss and 
light-load adjustment for core loss. 
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These methods will be taken up in order 
foratypicalcase. The following assump- 
tions are made: 


1. The installation is three 200-kva single- 
phase transformers fed from 13,200 volts. 


2. Core loss is 1.1 kw per transformer at 
rated voltage. 


3. Copper loss is 1.9 kw per transformer at 
rated load. 


4. Consumption is 150,000 kilowatt-hours 
per month, The month is assumed to con- 
sist of 730 hours. 


From the above information, the core 
loss at rated voltage is seen to be: 


31.1 730=2,409 kilowatt-hours 


If the average voltage differs from 
rated voltage, the core loss will be ap- 
proximately 2,409 X (average voltage+ 
rated voltage)’. 

The copper losses can only be approxi- 
mated. The 150,000 kilowatt-hours 
could be 206 kw for 730 hours, or 600 kw 
for 250 hours, or many other combina- 
tions of load and time between these 
limits. The figure of 600 kw is set as the 
probable upper limit of the load, since any 
higher load might damage the transfor- 
mers. 


206 kw for 730 hours, the lowest possible loss 
for this registration, gives 3X1.9X730X 
(206/600)?=490 kilowatt-hours 

600 kw for 250 hours, the highest probable 
loss, gives 3X1.9X250=1,424 kilowatt- 
hours 


The customer ordinarily would not in- 
stall an excessively large transformer 
bank, nor would he dangerously overload 
it. Consequently, the loss limits are set, 
the former condition giving a lower loss 
limit (core loss plus continuous-load cop- 
per loss), and the latter giving the upper 
loss limit. 

The various methods will now be dis- 
cussed in detail. 


1. Estimation of Losses From the 
Meter Readings 


The increase in the energy rate to 
cover losses should be such that the total 
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energy per month, multiplied by the in- 
crease in rate, will equal the total trans- 
former losses over the month multiplied 
by the usual energy rate. Expressing 
this as an equation, let 


E=energy metered on secondary winding 
side per month 
L=transformer losses per month 
R=usual energy rate 
AR=rate increase 


Then 
ARXE=LXR 
or 
AR=RXL/E 


The percentage increase is evidently 
L/E which in most cases will be perhaps 
two per cent as a maximum. Two per 
cent would be too great at full load, but 
this compensates for the fact that no en- 
ergy is being registered at no load, al- 
though core loss is still being supplied. 
The approximation is quite close, as will 
be seen. 

The demand rate should be increased 
by about one per cent to cover losses at 
full load (expected demand). 

The previous reasoning also makes it 
plain that discounts may be reduced by 
the same percentages in order to com- 
pensate for the losses; namely, two per 
cent for energy and one per cent for de- 
mand. The estimation below shows how 
this will work out. 

The losses might also be estimated and 
billed separately at the usual rate. 

The estimation in any event would be 
as follows: 


Energy metered = 150,000 kilowatt-hours 
Core loss (one-half per cent of transformer 
rating for 730 hours) is 730*1X3=2,190 
kilowatt-hours 

Copper loss (assume one-half per cent of 
kilowatt-hours) =750 kilowatt-hours 
Estimated total losses=2,940 kilowatt- 
hours 


Total energy billed = 152,940 kilowatt-hours 


As previously mentioned, there are two 
limiting conditions: 


(a). A steady load all month which gives 
minimum losses. 


In this case, the steady load which would de- 
liver the given energy in one month would be 
(150,000/730) = 206 kw. 


Copper losses would be 490 kilowatt-hours, 
as calculated previously. Total losses 
would be 2,680 kilowatt-hours. Total 
energy supplied would be 152,680 kilowatt- 
hours. 


(6). Rated load on for a length of time 
which delivers the given energy, and no load 
the remainder of the time. 
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Thus, 600 kw for 250 hours would give 
150,000 kilowatt-hours. The copper losses 
under these conditions would be 1,424 kilo- 
watt-hours as calculated previously. Total 
losses would be 3,614 kilowatt-hours, and 
total energy supplied 153,614 kilowatt- 
hours. 


The estimate is 2,940 kilowatt-hours, 
whereas the average of the two limiting 
cases is 3,147 kilowatt-hours. The billing 
based on the estimation would be within 
0.15 per cent of the billing based on the 
average of the two limiting conditions. 
Actually, this error is less than those 
encountered in meter calibration. 

The total losses are seen to be just 
about two per cent of the measured power 
in either case, which is the justification 


for the two per cent figure used above. 

Even the limiting conditions above 
give errors of only 0.2 per cent and 0.45 
per cent, and these conditions are very 
improbable. For case 6 (maximum 
losses), the estimate would be within 674 
kilowatt-hours of the actual losses. At 1.5 
cent per kilowatt-hour, this would mean a 
loss of revenue of $10 a month or $120 a 
year. A metering outfit for use on the 
high side would cost over $1,000. Inter- 
est, taxes, and depreciation would take 
most of the revenue collected, showing 
little justification for the use of a metering 
outfit on this size of load. 

Another billing method, not quite so 
simple as the first given but slightly more 
accurate, is to add a fixed number of 
kilowatt-hours, plus a percentage of the 
energy registered. The fixed number of 
kilowatt-hours would equal the core loss 
as previously estimated. The percent- 
age of registered energy would be (copper 
loss/registered energy) also as previously 
estimated. This method is obviously the 
same as estimating the losses and billing 
at the usual rate. 

Also, in general, it is true, that, the 
higher the registration for a given trans- 
former rating, the more accurate the es- 
timate can be made. 


2. Loss or Compensating Meters 


Since core loss varies as the square of 
the voltage, a voltage-squared hour meter 
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consisting of one element for each phase 


of the transformer will register the core 


loss if the correct multiplier is used. 
Similarly, copper loss may be measured 
by a current-squared meter with the cor- 
rect multiplier. The error in loss meas- 
urement can be reduced to a very small 
amount, but accurate transformer data 
are required, and these are not always 
available or obtainable. Transformer 
data can be estimated, but design varia- 
tions are such that the error may be as 
much as 0.3 per cent of the total power, 
and the accuracy is not much better than ~ 
the estimating methods given. When the 
data are accurately known, the errors 
generally will be no greater than those 
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pensator—single-phase circuit 


Figure 1 (left). Line-drop com- E 


Figure 2 (right). Line-drop com- 
pensator—single-phase circuit with 
alternative connections 


a 


involved in metering directly on the high- 
voltage side and, as will be seen later, 
may be less. 

Compensating meters may be indi- 
vidual current-squared and _ voltage- 
squared hour meters, or they may be com- 
bined in one meter. Although three ele- - 
ments of each type theoretically would be 
required, the accuracy is almost as good 
using one voltage and two current ele- 


’ ments.? If the load is normally well bal- 


anced, one current element is sufficient. 

Loss meters also may be used to form 
the basis for an estimating method. That 
is, a compensating meter may be installed 
for a representative period of time, and 
the losses compared to the registration 
of the watt-hour meter during that period. 
This may be used then as a basis for 
changing the rate. For example, if the 
losses were 1.75 per cent of the registra- 
tion during this period, the energy rate 
evidently should be increased, or the dis- 
count reduced, by 1.75 per cent. Loss 
meters of the current-squared type only 
would be sufficient in cases where the 
voltage is known fairly accurately. 
Most installations probably will fall into 
this category. A five per cent change in 
voltage will change core loss by about ten 
per cent. However, core loss will nor- 
mally be about one per cent of the regis- 
tration, so that the net error would be 
only about 0.1 per cent, if the average 
voltage differed by five per cent from that 
estimated. 
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transformer bank. This drop may be 
added to the secondary potential trans- 
former voltage to make a sum propor- 
tional to the primary voltage. Since a 
reactance drop would be at right angles 
to the current, the added voltage from a 
reactance-drop compensator would pro- 
duce no registration on a watt-hour me- 
ter. Therefore, only resistance compen- 
sation is needed in power metering, 

The type of transformer bank deter- 
‘mines the number of compensators re- 
quired; two for open delta, three for star 
or delta. 

Figure 1 illustrates the principle of the 
line-drop compensator. The current 
transformer circulates the current J, in 
the direction indicated, while J, propor- 
tional to it flows in the main circuit. The 
voltage between B and A must be in- 
creased by the resistance drop in the 
transformer T to obtain the equivalent 
high-side voltage. The resistor R is ad- 
justed so that the secondary current pro- 
duces a drop equivalent to the transfor- 
“mer drop. It is seen that J, and J, both 
flow toward B, so that the polarity is such 
as to add the voltage drop. 

Another way of looking at this is to say 
; that voltage BA would normally be ap- 
_ plied to the potential coil, B being at 
_ higher potential than A when the current 
_ flow is as indicated. The point C, how- 
_ ever, is at higher potential than B by the 
amount of the resistance drop in R. 
_ Therefore, if the potential coil is con- 

nected from C to A, the potential across 
_ it will be greater than BA by the drop in 

R. The drop in R, in turn, is equivalent 

to the drop in T, so that the equivalent 

of the high-side voltage is applied to the 
meter. 

Figure 2 shows the same method, re- 
arranged to permit grounding of instru- 
ment transformer secondary windings. 
The difference from Figure 1 is in the 
order in, which the transformer secondary 
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Line-drop compensator used in 
three-phase three-wire circuit 


Figure 3. 
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Figure 5. 
dummy loads to measure 
core loss 


TO CURRENT 
TRANSFORMER 
TO POTENTIAL 
TRANSFORMER 


Figure 4. Polarity require- 
ments for line-drop com- 
pensators 


compensating resistor and meter coil are 
connected in series. 

In Figure 2 the current flows through 
the compensator and then through the 
meter. The potential coil is connected 
across DF. The voltage DE, which 
normally is applied to the meter, is in- 
creased by the drop EF and the total 
DF, applied to the coil. E is at a lower 
potential than D, and the drop in EF 
places F at a still lower potential than E. 

Figure 1 is the clearest for single-phase, 
whereas Figure 2 is simpler in a three- 
phase circuit, in which a third resistor is 
needed to compensate for the third phase 
current as shown in Figure 3. 

Note that although only two elements 
are used, the drops in the three trans- 
formers are taken care of by the wye- 
connected compensator. In Figure 3 the 
voltage Ay, for example, =Ey+Lo= 
Ey—Ex. The drops which are added 
vectorially to this voltage before apply- 
ing it to the potential coil are the ones 
caused by the currents J; and —I;. (i+ 
I;=—I2.) The addition of these drops 
gives the equivalent high-side voltages 
Ey) and — Ex, which equals Fj». 

Although the transformers are shown 
connected delta-wye, the secondary of 
course, could be delta-connected, and the 
meter and compensator connections 
would not be changed. 

The polarity of the connections on a 
line-drop compensating scheme is impor- 
tant. To add a voltage to correct for 
IR drop, a drop —JR is needed. This is 
obtained by connecting the voltage leads 
so that the currents of the voltage and 
current circuits are opposite in the com- 
pensator (see Figure 4). 

Sometimes the wiring may be used to 
provide the resistance required. For ex- 
ample, with one-half per cent drop, or 
0.6 volt on 120-volt basis, the value of R 
would be about 0.12 ohm at five amperes 
or say 75 feet of number 12 American 
wire gauge wire. Where common return 
wires are used for both current and volt- 


Petzinger, Lenehan—Metering Power on Low-Voltage Side 


Connection of 


Figure 6. Combination of 
line-drop compensator with 
dummy loads using an addi- 
tional current transformer, 
single-phase circuit 


age, a compensating effect occurs. With 
the usual connection, it results in low 
readings, since the currents of the voltage 
and current circuits are in the same direc- 
tion. When properly connected, how- 
ever, compensation may be obtained this 
way without other equipment. 


4. Dummy Loads 


Dummy loads may be used to correct 
for core loss. The saturation curve of the 
core is not a straight line, with the result 
that the correction will be slightly low 
on higher than normal voltage, and 
slightly high on lower than normal volt- 
age. 

Figure 5 shows core-loss compensation 
by means of a dummy load (the resistance 
R), which allows a current to circulate 
through the current coil in such a direc- 
tion as to add the core loss. The value of 
R usually will be around 5,000 ohms. 
The saturation curve could be approxi- 
mated by an iron-cored impedance Z, but 
adjustment difficulties make this imprac- 
tical. 


5. Line-Drop Compensators and 
Dummy Loads Combined 


Methods 3 and 4 may be combined to 
correct for copper loss and core loss, 
but it will be found that the voltage and 
current connections required are not con- 
sistent with each other if both the trans- 
formers are to be grounded. 

Four alternatives exist: 

(a). Use additional current transformers 


to reverse the current for the resistor com- 
pensating for copper loss (Figure 6). 
(b). Use additional voltage transformers to 


reverse the voltage for the resistor compen- 
sating for core loss (Figure 7). 


(c). Add an extra current winding on the 
meter to provide the equivalent of b (Fig- 
ure 8). 


(d). Use grounds on only the current trans- 
former secondary windings. The voltage 
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Figure 7. Combination of 
line-drop compensator with 
dummy loads using an addi- 
tional potential transformer, 
single-phase circuit 


tional 


transformer secondary windings will then 
be grounded through the current circuit® 
(Figure 9). 


6. Meter Adjustments 


This method consists of setting the | 


meter about five per cent fast at ten per 
cent load, one per cent fast at full load, 
and two per cent fast on 50 per cent 
power factor, Since the effect of the ad- 
justments practically will offset the trans- 
former losses, the over-all result will be 
quite close over the ranges of load nor- 
mally encountered. 

From the transformer efficiency curve, 
the full-load and light-load settings can 
be determined. In the example shown in 
Figure 11, these values are found to be 1.5 
per cent at 100 per cent load and 5.5 per 
cent at 10 per cent load. In this case, 
the resultant curve is fairly good over the 
whole range. If the transformers are 
under no load a fairly large portion of the 
time, it may be advisable to use a meter 
without anticreep holes or slots in the 
disk so that it will creep with voltage 
only applied. 

If the disk has no irregularities of any 
sort, the core loss will be measured with 
very good accuracy, since the light-load 
adjustment provides a torque which 
varies as the square of the voltage, as 
does the core loss. 

Note, however, that the same uniform- 
ity of the disk would be required of a 
meter on the high side, if the core loss 
were to be measured during periods of no 
load. Therefore, metering on the high 
side may be less accurate than some of 
the methods described here. 

The method of determining the de- 
sired curve is as follows: 

Take the reciprocal of the transformer 
efficiency curve. This is the curve which 
the watt-hour-meter registration should 
match. The standard watt-hour-meter 
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Figure 8. Combination of 
line-drop compensator with 
dummy loads using an addi- 
series 
single-phase circuit 


Figure 9. Combination of 
line-drop compensator with 
dummy loads, grounding 
the potential » transformer 
through the current circuit, 
single-phase circuit 


winding, 


curves are then changed by three ad- 
justments. Full-load adjustment changes 
all points equally. Lagging adjust- 
ment changes all points at any given 
power factor (say 50 per cent) equally, 
and intermediate power factors are af- 
fected almost proportionally. For ex- 
ample, calibrating 100 per cent load 
to 101 per cent at unity power fac- 
tor and 102 per cent at 50 per cent lag- 
ging power factor would cause all loads at 
unity power factor to register one per 
cent faster than the standard curve. All 
loads at 50 per cent power factor would 
register two per cent faster than the 
standard curve for 50 per cent power fac- 
tor. At 75 per cent lagging power factor 
the change would be about 1.5 per cent. 
The light-load adjuster supplies atorque 
independent of load, and therefore the 
effect on registration varies inversely 
with the speed. A change of five per cent 
at ten per cent load would change 50 per 
cent load by one per cent. Note that 50 
per cent power factor will be affected 
twice as much on a percentage basis as 
unity power factor at the same current. 
By means of these adjustments, the in- 
verse of the transformer efficiency curve 
usually may be approximated rather 
closely. In this method, as well as any 
of the others, the transformer data are 


Figure 10. Combination of line-drop com- 

pensator with dummy loads, grounding the 

potential transformer through the current circuit, 
three-phase circuit 
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helpful in increasing the accuracy. If 
they are not obtainable, an average char- 
acteristic must be assumed. 


1h Combination of Meter Adjust- 
ment and Line-Drop Com- 
pensators 


Line-drop compensators may be used 
for copper-loss compensation, and fast 
light-load adjustment for core-loss com- 
pensation. This would be more accurate 
on unbalanced loads, such as are furnaces, 
than method 6, although the advantage ~ 
is not great. 


Reactive Power Measurements 


The foregoing applies to power meas- 
urement. However, the same methods 
may be applied to the measurement of re- 
active power. 

The errors introduced are, in general, 
the same as those involved in power meas- 
urement as previously discussed. 

The reactive power losses again may 
be divided into two classes: 


1. Excitation losses (corresponding to core 
loss)—dependent on voltage, but varying 
much more rapidly than the square. 


2. Leakage reactance loss (corresponding 
to copper loss)—proportional to the square 
of the current. 


Transformers of the type in question 
will have reactive power losses ranging 
from two per cent to ten per cent, de- 
pending on the transformer design. 

The methods which were used for power 
metering may also be used to include re- 
active losses. The following points, how- 
ever, should be noted. 

When using line-drop compensators, 
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Figure 11. Curves illustrating the use of meter 
adjustments to approximate the reciprocal of 
transformer efficiency 


A—Meter curve calibrated 1.5 per cent fast 
at 100 per cent load, 5.5 per cent fast at 10 
per cent load 

B—Meter curve at normal calibration 
C—Meter registration in terms of transformer 
input 

D—Transformer efficiency curve 
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Fig @ 12. Line-drop compensation used on 
three-phase reactive meter circuit 


ool . 


reactance only is needed, for the same 
son that resistance only is required to 
measure conductor loss. That is, a resist- 
ance drop added to the potential of the 
tive meter would produce no rotation. 
Note, however, that when the reactive 
‘meter consists of a watt-hour meter and 
phase-shifting transformer, the above 
statements apply only when the compen- 
sation is applied on the primary side of 
the phase-shifting transformer. On the 
secondary side, resistance compensation 
could be used, but difficulties in making 
the proper connections made this unde- 
sirable. The best method is probably 
that shown in Figure 12 which used mu- 
tualinductors. This allows more freedom 
in making connections, since the two 
windings are not tied together. 

‘It will be observed that the current 
transformer in line 1 feeds current through 
mutual inductance N; which is in the po- 
tential circuit 6-7. This voltage lags 3-2 
by 90 degrees and is applied to the ele- 
ment in which the current from the trans- 
former in line 3 is used. The connections 
of the other inductance are similar. 

The use of dummy loads to measure 
_ kilovar-hour excitation loss gives some- 

what less accuracy than the use of 
- dummy loads for core loss. 

If compensating meters of the voltage- 

‘squared and current-squared type are used 
to measure power losses, no additional 
I equipment is necessary to measure reac- 

tive power losses. Multiplying the read- 
_ ings of these meters by the correct factors 

will give the reactive power losses. 
Reactive power measurements are sub- 
ject to errors, because the magnetizing 
current varies widely with fluctuations 
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ean voltage. For this reason, the most ac- 
_ curate method is the use of compen- 
‘Sating meters of the voltage-squared type. 


The kilovar-hours can then be computed 
from the readings obtained. This method 
probably is justified only on transformers 
with high magnetizing current. If the 
reactive power measurement is used only 
to determine demand, the errors in any 
method will be rather small, 


Summary 


The foregoing will make it plain that 
several methods of including transformer 
losses in the billing are available. Both 
estimating and measuring methods may 
be used with reasonable accuracy. There 
is no best method for all installations. 
Each must be considered individually. 
The most desirable method is deter- 
mined by the various factors involved in 
each installation. These factors will in- 
clude expense, customer relations, com- 
mission requirements, and importance 
of maintaining laboratory routine, to 
mention a few of the more important. 


Appendix 


The fact that the line-drop compensa- 
tion shown in Figure 3 is correct is proved 
as follows: 

In any delta transformer bank with 
balanced impedances (Figure 13) 


h=I,-I[, 
Ih=I,—I, (1) 
I;=I,—TI, 


(Since the impedances are balanced) 


I,+1,+I,.=0 (2) 


From equation 1 we find 


Wat t-14?-F I,?=2(I,?+I,?+1,”) = 
2(Lqlp+Lol, +1 la) (3) 


The actual copper loss = (I,?+1)?+/,”)R 


where R is the a-c resistance of each phase 
of the transformer. In the meter (see 
Figure 3) the element with current J; has a 
voltage (I;—J2)R, added to its potential 
coil, and similarly the element with current 
I; has a voltage (J;—J2)R, added to its po- 
tential coil, so the loss measured, 


P=I,(,—h)R.+13(3—L2) RR; 
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Figure 13. Line and phase currents of the 
secondary winding of a delta transformer bank 


where Kk, is the resistance of each leg of 
the compensator, 
Combining terms’ 


P=([I?+1?—h(h+1s) |R, 
= (1)?+1,?+ Js") R, since (i+];) = —Ip 


Using equation 3 


P=([2(Ig2+Iy2+I.4)— 
2(Tqly+ TI +1 Ia) JR, 


Now we add and subtract 
((?+1,?+-1,2)R, 
which gives 


P=([8(Iq? +1? +1,?) —2 Lalo t+IoI + 
IIa) « CS ah Is) JR. (4) 


However 


else c) age pete) 
Deine cilolg) 
From equation 2 this equals 0 so the last 


two terms in equation 4 drop out. The 
measured loss is therefore 


SRL? ly? -- 1,7) 
If 
R,=(R/8) 


the measured loss will therefore equal the 
actual loss 


RIP +p? +1.”) 
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The Effect of Current-Transformer 
Residual Magnetism on Balanced-Current 


or Differential Relays 


fey ty late) 2y/ 


ASSOCIATE AIEE 


Synopsis: High-speed current-balance re- 
laying has been subject to occasional false 
tripping that has not been explained satis- 
factorily. Field and factory tests now show 
that this is probably due to differences in 
residual fluxes in the current-transformer 
cores. The limiting value of these fluxes 
can be calculated approximately, and they 
can be measured with portable instruments 
connected to the secondary winding. They 
may cause a deficiency in secondary current, 
especially during the first half-cycle of fault 
current, which will cause current-balance or 
differential-overcurrent relays to operate 
falsely. This false operation can be avoided 
by the addition of a short inherent or ex- 
ternal time delay with relays having a high 
dropout, or by the use of special current 
transformers. 


ALANCED-CURRENT relaying has 

been favored widely in system pro- 
tection, because, in principle, its com- 
plete lack of sensitivity to faults outside 
the protected line makes time delays 
unnecessary and avoids all problems of 
co-ordination with the settings of relays 
further from the source. 

Experience with induction-disk relays 
applied in this form of protection was 
entirely satisfactory until requirements of 
system stability or of uninterrupted 
operation of industrial motors caused a 
demand for reduction in the fault dura- 
tion even below the minimum of a few 
cycles obtained with such relays. High- 
speed current-balance relays operating in 
less than a half-cycle were then applied 
and experience with them also has been 
satisfactory, generally. However, there 
has been a very small percentage of false 
operations resulting in the tripping of a 
breaker on a sound line, and, if the fault 
causing this tripping is on the only other 
line between the two terminals, such false 
operation naturally causes loss of the tie 
or interruption of supply. The purpose 
of this paper is to report an investigation 
which has shown the probable cause of 
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most, if not all, of the false operations not 
otherwise accounted for and provided 
against. 

The clew that provided the basis for the 
investigation was obtained from tests 
made by G. S. Whitlow, then of the 
General Electric Company, and C. E. 
Asbury of the Illinois-Iowa Power Com- 
pany. They were conducting primary 
tests with a low-voltage source to deter- 
mine the reason for one of the false opera- 
tions mentioned above and found that 
the only way to cause false tripping with 
equal primary currents was to reverse the 
direction of current through the primary 
winding of one current transformer with 
respect to the other. The sudden first 
application of current after a reversal 
would usually result in operation of one 


Figure 1. Oscillogram from field tests, show- 

ing difference between secondary currents of 

two similar 38-turn current transformers with 

similar burdens and 2,540 amperes primary 
current 


2540/38 =67 
A—Secondary current of current transformer 
with residual flux 
B—Secondary current of current transformer 
with less Cor opposite) residual flux 
C—Relay contacts open 
D—Relay contacts closed 
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or the other element of the current-bal- 
ance relay. Since this relay had been 
tested without current transformers pre- 
viously with suddenly applied current, 
they diagnosed the false tripping as being 
due to residual magnetism in the current- 
transformer cores. Fortunately, oscillo- 
grams were taken during these tests, so 
the offending element had left some evi- 
dence. Figure 1 is a tracing from a typical 
one of those oscillograms showing the 
currents which caused false tripping by 
providing insufficient restraint. The 
traces show the two secondary currents, - 
and, since the primary conductors of the 


two current transformers were in series, 


it is obvious that the deficiency of 
secondary current in one of the current 
transformers in the first half-cycle was 
due to some phenomenon within the cur- 
rent transformer. This phenomenon has 
been analyzed and will be described 
briefly at the outset as a basis for an 
understanding of the test methods and 
test results described later. 


Hypothesis to Explain the Observed 
Phenomenon 


The following hypothesis appears to 
be in accordance with the results of the 
field tests and the factory tests: 


1. A significant amount of residual flux is 
left in the core of only one of the two current 
transformers which supply one balanced- 
current relay. 


2. This residual flux remains in the current- 
transformer core practically undiminished 
unless the circuit is loaded, in which case it 
is decreased gradually but not usually re- 
moved entirely. 


3. A subsequent fault beyond (or near) the 
end of the pair of protected lines with both 
lines in service will draw equal (or nearly 
equal) currents through the primary wind- 
ings of the pair of current transformers as 
shown in Figure 2. The direction of pri- 
mary current during the first half-cycle is 
random and may be such as to require an 
increase in current-transformer core flux in 
the same direction as the existing residual 
flux. 


4. The sum of these fluxes is likely to ex- 
ceed saturation value, in which case there 
will be a deficiency of secondary current 
from this current transformer equal to the 
magnetizing current necessary to produce 
enough flux to generate the voltage required 
for the actual secondary current. 


5. This deficiency of secondary current 


will be smaller, possibly even negligible, in 
the other current transformer because of its 


‘lack of residual flux. 


6. The greater secondary current from the 
current transformer without residual flux 
may operate the balanced-current relay in 
one direction. 


7. Since the location of residual flux (in one 
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rrent transformer or the other) is unre- 
ted to the location of the subsequent fault, 
d the currents are practically equal except 
he transient error, an element may oper- 
falsely for an external fault; or an ele- 
t on the sound one of a pair of lines may 
ate for a fault in the other line, near its 
further end. 


With the preceding brief outline to 
show the relation between the various 
ideas involved, we can profitably cover 
e first two of the points in more detail. 

1. The residual flux may be left by a 
half-cycle impulse such as a fault current 
cleared by an expulsion gap or a fuse, or 
ch as a power-frequency current follow- 


fault current cleared after an odd num- 


y 


> 
Figure 2. Schematic connections for balanced- 
current relaying of two parallel lines, showing 
~ equal currents in the two lines for a fault at the 
_end of one of them (length of arrows indicates 
current magnitude) 


a= Auxiliary switch, closed when C is closed 
C=Circuit breaker 
CT= Current transformer 
R=Current-balance relay 
TC=Trip coil 
X=Fault 


ber of half-cycles; or by a fault current 
that is offset because it started in an in- 
ductive circuit near the zero point of the 
voltage wave; or by a power-transformer 
magnetizing-inrush current which is offset 
because of the presence of residual flux 
in the power-transformer core prior to its 
energization. Residual flux may be left 
in only one of the pair of current trans- 
formers because the primary conductor 
of its mate is out of circuit at the time of 
the transient; or because the fault causing 
the transient was on the primary cireuit 
of one current transformer and so near by 
that the currents in the two current trans- 
formers were greatly different in magni- 
tude. 

In earlier days of the industry it was 
considered a serious offense to open-cir- 
cuit a current-transformer secondary 


winding partly because of the resulting 2. The fact that normal operation fails 
high voltage, but also because of the to remove the residual flux completely is 
danger of magnetizing the core. It is in accordance with the known character- 
now known that any of the conditions istics of permanent magnet materials 
Previously mentioned can run the flux which differ from transformer iron soils 
density in the current-transformer core in degree even though the degree is 
up to saturation value if the primary cur- extreme. Ifa large magnetizing force is 
rent or secondary burden is high enough, applied to either of these materials it 
or with smaller currents or burdens if produces saturation, as indicated in 
the transient is applied twice or a few Figure 4, and, if it is reduced to zero 
times with the same direction of initial without reversal, a residual flux is left 
half-cycle; and therefore the residual often of just as great a percentage of is 
flux introduced by unavoidable circum- own saturation value for high-quality 
stances may be practically as great as the annealed iron as for high-quality per- 
value formerly supposed to result only manent magnet steel; the main differ- 
from careless testing or faulty wiring or ence between these steels is in the coercive 
devices. ’ force necessary to bring the flux to zero. 


Secondary turns = 38 
Core area=64 
square inches 
Frequency=60 cy- 
cles per second 
Time constant = 
0.013 second 
A—Secondary cur- 
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of zero voltage, where X and caused by C zero voltage; this gives a 
R constitute the impedance symmetrical wave 
limiting the current in the 
primary circuit; this gives a Figure 3. Secondary currents in burden of 
fully offset wave 0.77+ j1.06 ohms, and current-transformer- 


core flux densities required for these currents 


Figure 3a shows a fully offset primary- 
current wave and the corresponding wave 
of required flux applying to the current 
transformer and burden used in the error- 
current tests. This fully offset wave 
requires more flux than any other current 
of the same symmetrical value having a 
smaller degree of offset. The fluxes re- 
quired for larger or smaller currents are 
in direct proportion to the current. 
Figure 3b shows a symmetrical current 
wave and the corresponding wave of 
required flux; this symmetrical wave 
requires less flux than any other current 
of equal magnitude with this burden. A 
purely reactive burden of the same total 
impedance would require a flux wave of 
the same amplitude, but this flux wave 
would be symmetrical, and therefore its 
peak value would be much less. A reduc- 
tion in secondary resistance may be even 
more beneficial with an offset wave, 
because it decreases the unidirectional 
component of flux caused by the d-c com- 
ponent of current. These flux waves were 
calculated from the formula 


Then, if a pulsating or alternating mag- 
netomotive force is imposed, and this 
magnetomotive force is small compared 
with the coercive force of the particular 
material, the operation will stabilize on 
what is known in permanent-magnet 
theory as a minor loop, and this loop will 
be far removed from the zero axis of flux, 
one end coinciding with the residual-flux 
trace of the high-density hysteresis loop 
unless the small alternating magnetomo- 
tive force has been reduced from the 
maximum value attained since satura- 
tion. A phenomenon of this sort is 
characteristic of current-transformer 
operation at normal loads, because they 
require only a small flux density and 
therefore a fairly small magnetomotive 
force even when displaced from the zero 
axis of flux. Figure 4 is a sketch of half 
of the usual major loop B resulting from 
the application of fault current, within it 
a minor loop C resulting from the subse- 
quent application of full load current, 
and also a smaller minor loop D obtained 

108 : . by finally reducing the load current to 
oo N (RS vipdt + Liy) ee half rated value; these minor loops are 
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not test results, but are intended only to 
convey an understanding of the phenome- 
non. 


Outline of Tests 


In an effort to duplicate in the factory 
the false operation obtained in field test, 
a series of tests was laid out using a simi- 
lar burden on current transformers of 
nearly the same size as those used in the 
field tests, and with secondary turns 
chosen to require the same flux density 
as those current transformers for the 
same secondary current. A method was 
devised, and checked, for measuring 
residual flux without decreasing it greatly 


quantity in the investigation. Also, it 
was felt that a method of residual-flux 
measurement using only portable meters 
and readily obtainable test power would 
be useful for field work. Another require- 


ment for the investigation at hand was. 


that the method should not decrease the 
residual flux very much in the process 
of measurement, since it was desired to 
produce a residual flux by applying a 
typical transient, measure this flux, and 
then use the flux after measurement to 
cause an error current which could be 
measured, or checked for its effect on a 
relay. . 

For the above reasons a method was 
devised which consists of applying to the 


motive force of 0.258 root-mean-square 


ampere turns per inch of core length. 
The induced voltage is very sensitive to 
magnetomotive-force magnitude, as can 
be seen from the fact that a force half as 
great gave no measurable voltage, and so 
the curve should not be used to determine 


residual flux with any other value of 


magnetomotive force impressed. The 
voltages were measured by means of a 
rectifier type of voltmeter because of 
the relatively low impedance of the 
dynamometer type. 


A determination of the decrease caused ~ 


in residual flux by this magnetomotive 
force was made by leaving the flux meter 


connected during the instant when the — 


Figure 4 (left). Resid- 


oS 
° 


Saw sane 


> 
°o 


20t +4 


5 iH 


-1000 
-5 


FLUX DENSITY, KILOLINES PER SQ IN. 


5 
SCALE B 
MAGNETIZING FORCE, AMPERE- TURNS PER INCH 


and measurements were made by this 
method of the residual flux left by various 
transients. Tests were made to deter- 
mine whether the passage of time or of 
rated current would cause a decrease in 
the residual flux left in the core. Os- 
cillograms were taken showing primary 
current, secondary current, and error 
current with and without residual flux, 
and others were taken showing primary 
and secondary current and relay opera- 
tion with and nonoperation without 
residual flux. 

Table I lists for reference the dimen- 
sions and other pertinent data on the 
current transformers and burden used in 
the tests. 


Nondestructive Test for Residual 
Flux 


It was apparent at the outset that 
ballistic measurements of residual flux 
left by typical primary-current transients 
would not be feasible, since the zero-flux 
reference point would be obliterated by 
the transient; and also because splitting 
the core, even though the joint surfaces 
were ground, would introduce an un- 
avoidable gap which would decrease the 
residual that was the most important 
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nent-magnet steel and z 
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in ingot iron 


secondary winding a very small measured 
60-cycle magnetizing current and measur- 
ing the voltage necessary to circulate this 
current through the winding; this 
method will hereinafter be described as the 
impedance method of residual-flux meas- 
urement. By trial of this method it was 
found that the voltage decreased as the 
residual flux increased, and the relation 
between the volts per turn per square 
inch and the residual-flux density was 
determined experimentally by the use of 
a portable flux meter (which is equivalent 
to a ballistic galvanometer). This rela- 
tion is shown in Figure 6 for a magneto- 


Table I. Characteristics of Current Trans- 
formers and Burden Used in Test 


erm eee eee 


Core material. .....2.75 per cent silicon steel 
Core construction, ..Spiral strip 


Core treatment..... Annealed after welding ends 
Core diameters. ....83/s inches outside, 63/4 inches 
inside 

Core height........ 75/3 inches 

Active core area....6.4 square inches (space factor 
0.88) 

Mean flux path... .24.4 inches 

Witiclinn x sieerereieent Two, of 38 turns each, 0.12 
ohm each 

Burden at 5A...... 0.65+ 71.06 =1,16 ohms 

Burden at 50A.....0.72 ohm 


Size constant (2)... .491 
Saturation curves... Figure 5 
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Figure 5. Saturation curves of current trans- 
former and magnetization curves of the steel 


A—A-c saturation curve, 38 secondary turns 
B—D-c magnetization curve, 38 secondary turns 
C—A-c magnetization curve of steel, calcu- 
lated from A 
D—A-c magnetization curve of steel, design 
data 


measuring force was first applied; Figure 
6 shows also this relation. 


Measured Values of Residual Flux 


Measurements were made by the ballis- 
tic method to determine the relation 
between the flux density produced by 
application of a given value of magneto- 
motive force and the residual-flux density 
remaining after removal of this force. 
This test was made at various values of 
flux density up to saturation, and the 
results are shown in Figure 6. The re- 
sults as plotted are a characteristic of the 
grade of iron in the transformer and not 
merely a characteristic of this particular 
size of transformer. It will be noted that 
the residual flux is 60 to 85 per cent of the- 
maximum flux immediately preceding. 

This information enables one to assign 
a maximum value to the residual-flux 
density which will be left in a current- 
transformer core by a given transient, if 
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Flux Density Kilo- 


O=Completely Offset. 


he knows the initial density, core dimen- 
sions, turns, and voltage required by the 
burden for this particular transient; it is 
necessary only to determine from the 
usual transformer relation the peak flux 
density corresponding to the required 
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Figure 6. Relation between induced voltage and previous 


ones predicted from Figure 6, vate 
because the maximum density is less than 
the calculated value by reason of satura- 


_ tion of the burden and partly because the 


d-c component of error current partially 
restores the core flux to symmetry if the 
transient continues more than one cycle, 
thus further reducing the maximum den- 
sity reached during the last half-cycle. 
A test was made showing how residual 
flux can accumulate as a result of succes- 
sive transients which happen to have the 
same polarity of initial half-cycle. The 
results are the second, third, and fourth 
trials listed in Table II; also the fifth to 
eighth, and the ninth to eleventh. 


Permanence of Residual Flux 


The core was magnetized and the 
residual-flux density, measured by the 
impedance method, was found to be 
75,000 lines per square inch. The core 
was left undisturbed for about 40 hours, 
after which a check measurement gave 
the same readings. 

A current of five amperes at 60 cycles 
was then applied to the primary, requiring 
a secondary voltage of 5.8 and a calcu- 
lated peak-to-peak flux density of 18,000 
and was left flowing for about 24 hours, 
after which another check measurement 


ina au TTT] (left) A=Maximum flux L® i Hi a2 
| fa ae | | | | density during last half- c OR Sp 
LI er] | | | gycle before applying 8 Ss 
: te +4 _— test current Fea 
: gict EE gua B=Residual flux density =/\mmeter 
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§ I SasGG28 current C= Synchronous switch 
; i pers TT C=Residual fluxdensity =Reactor with air sep 
2 =| Vek@eNSam after applying test Spr Sp, Ss=Shunts with oscil- 
at ES@aeane ee: lograph elements; difference 
o% J2 06803 S0a55 current, primary current, and 
secondary current respectively 


T=Current transformer under 
test 


flux values, at 0.258 ampere turns per inch of core length, 


60 cycles 


voltage, add it to the initial density, and 
read from the curve the maximum resid- 
ual-flux density that can be left in the 
core. 

Measurements were made by the im- 
pedance method to determine the resid- 
ual-flux density left by various transients 
such as are likely to be caused by lightning 
discharges or other insulation failure. 
To permit direct comparison of the results 
with various types of transients, the tests 
were all made at the same steady-state 
value of secondary current, approximately 
50 amperes, with a burden of 1.16 ohms. 
The results are given in Table II. The 
measured values are usually less than the 
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Figure 7. Circuit for oscillo- 
graphic measurement of error 
current 


showed that the residual-flux density de- 
creased to 23,000. Lower currents 
would cause smaller decreases, but no 
investigation was made of this relation, 
or of the relation between time and resid- 
ual flux, at five amperes load. 


Oscillograms of Error Current 


The concept of error current or exciting 
current in a current transformer has 
sometimes seemed elusive, and it was 
thought that the nature of the phenome- 
non being investigated would be made 
clearer if we could get a direct measure- 
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ment of this current in a form which 
would permit visualizing its relation to 
the primary and secondary currents. 

An oscillogram provides the best means 
for visualizing an electrical quantity, 
especially a transient one, and so the 
apparatus was arranged to provide a 
portion of the circuit where error current 
could be measured directly. Referring 
to Figure 7, the primary and secondary 
windings, having an equal number of 
turns, were connected in series with os- 
cillograph shunts. From the junction of 
these two shunts a third one was con- 
nected to receive the difference between 
the primary and secondary current; 
this difference is the error current, when 
the turn ratio is 1/1. When the current 
transformer transforms perfectly, there 
is no voltage drop across the error-current 
shunt and no current in it, but, when the 
ratio breaks down, the error current 
flows in this shunt. This method is sub- 
ject to a slight inaccuracy, because, when 
this shunt carries current, there is a 
voltage drop across its terminals which 
helps the secondary induced-voltage drive 
current through the burden impedance, so 
that the error current obtained is some- 
what less than it would be if the secondary 
circuit were closed directly on itself, and 
therefore the results are slightly optimis- 
tic. The maximum instantaneous drop 
across this shunt was 13 volts as com- 
pared with an instantaneous value (cal- 
culated from the oscillogram) at the same 
instant, of 23 volts induced in the second- 
ary winding, but the inaccuracy of results 
seemed slight enough to be tolerated for 
the sake of obtaining a direct record of 
error current. 

Typical oscillograms obtained with 
this circuit are reproduced in Figure 8. 


Oscillograms (A) and (B) show the differ- 


ence in behavior, with symmetrical waves 
of primary current, depending on the ab- 
sence or presence of residual flux; (C) 
and (D) show the corresponding compari- 
son with fully offset waves. The residual- 
flux measurements show how the succeed- 
ing cycles of fault current in (C) removed 
a large part of the flux put in by the first 
half-cycle, which was similar to (£). 


Effect on Relay 


The final test of the hypothesis was an 
experiment to determine whether the 
increase in error current, already shown 
to result from the presence of residual 
flux in the core, would permit picking up 
a relay which would be restrained success- 
fully in the absence of the residual core 
flux. 

The burden for this test consisted of a 
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current-balance relay plus enough arti- 
ficial burden to bring the total external 
burden up to 0.57+ j0.82=1.01 ohms. 
Including the internal resistance, the total 
resistance was 0.69 ohm, giving a size 
constant of 550. 

In the course of this experiment it was 
found that 


1. The normal transient error current with- 
out residual flux was sufficient to permit 
operation of a current-balance relay ener- 
gized from the primary and secondary cur- 
rents of the same 1/1 current transformer. 


2. The difference between the transient 
error currents of similar current transformers 
without residual flux and with equal pri- 
mary currents but with different burdens 


was sufficient to permit operation of a 
relay balancing the two secondary currents. 


After these difficulties were overcome, 
it was found that 


3. With similar current transformers, no 
residual flux, equal burdens, and equal pri- 
mary currents, the relay would not operate. 


4. With similar current transformers, equal 
burdens, and equal primary currents, but 
with residual flux in only one current trans- 
former, the relay would operate. 


The oscillograms of tests 3 and 4 are re- 
produced in Figure 9. 


Effect on Generator Differential 
Protection 


This phenomenon need have no effect 
on generator-differential protection using 
only two sets-of current transformers, 
since they can be demagnetized before 
being put in service if it is suspected that 
they are magnetized, and their subse- 
quent histories are identical. It should 
be considered, however if three sets of 
current transformers are used, as is 
sometimes necessary with double-bus 
arrangements or with station-auxiliary 
transformers tapped off between the 
generator and its circuit breaker. The 
reason is that the currents during a given 
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fault, and therefore the residual fluxes 
resulting from it, are necessarily unequal 
in the three sets of current transformers; 
and a subsequent fault involving the 
opposite one of the two sets of current 
transformers in the line side of the gen- 
erator winding will encounter different 
residual fluxes in the two sets involved 
this time and may cause false operation 
of the differential protection if its delay 
is inadequate. 


Effect on Bus Differential Protection 


This phenomenon affects differential- 
overcurrent relays used for bus protection 


Figure 8. Typical os- 

cillograms of error cur- 

rent (see Table Il for 
identification) 


D=Error current 
P=Primary current 
S=Secondary current 


just as much as it affects balanced-cur- 
rent relaying. However, as has pre- 
viously been pointed out,! this effect is 
unimportant in comparison with core 
saturation caused by the d-c component 
of an offset current, and so it need be 
considered only in marginal cases, if at all. 


Effect on Instantaneous Residual- 
Current Relays 


Residual-current relays are often con- 
sidered advantageous, because their set- 
tings are independent of load current. 
In some cases, such as a single line ter- 


Figure 9. Oscillograms of relay 
operation with, and nonoperation 
without, residual flux 


9A=With residual flux in only 
one current transformer 

9B=Without residual flux in 
either current transformer 

P=Primary current 

R=Secondary current in re- 
straining coil 

C=Current in contact circuit 
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minating in an ungrounded winding of a 
machine or a transformer bank, no selec- 
tivity is required, and therefore instan- 
taneous relays have been used. Such 
relays are liable to false operation because 
of error currents resulting from different 
residual fluxes in the current transformers 
of different phases. Such inequality of 
residual fluxes in the event of a phase-to- 
phase fault can result from a previous 
ground fault, or from a previous phase-to- 
phase fault involving a different pair of 


phases. Such false operation of an in- 


stantaneous ground-overcurrent relay has 
been recorded in service, although it has 
not been determined whether the major 


cause was the residual core flux or the 
inherent difference in d-c component of 
the transient currents in the three phases. 


Conclusions 


While the phenomenon described is 
reproducible at will under controlled con- 
ditions, reported field experience indi- 
cates that the percentage of false opera- 
tions that might be traced to it is small, 
and undoubtedly there are many locations 
where these improbable operations can be 
tolerated. However, some locations re- 
quire the greatest obtainable reliability, 


ELECTRICAL ENGINEERING 


SO 


GV. AGGERS 


ASSOCIATE AIEE 


N the last few years considerable work 

has been done, in this country by the 
Joint Co-ordination Committee on Radio 
Reception of Edison Electric Institute, 
National Electrical Manufacturers’ Asso- 
ciation, and Radio Manufacturers’ Asso- 
ciation, and in Canada by the Depart- 
ment of Transport, to develop radio-noise 
‘measuring circuits and instruments.\? 
The methods? of measuring radio noise 
and the instruments have reached the 
point in their development where the 
data obtained with these standard in- 
struments can be correlated and the radio- 
influence characteristics of electric ap- 
paratus and power systems can be de- 
termined. 

Radio co-ordination of electric appara- 
tus is conveniently divided into two 
classes—low-voltage and _ high-voltage. 
The low-voltage class consists of appara- 
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tus used below 1,200 volts and frequently 
operated by and on the premises of the 
radio listener. Considerable co-ordina- 
tion work has been done on this class of 
apparatus, and values of radio-influence 
voltage have been established for certain 
appliances and small motors. The high- 
voltage class includes apparatus used in 
this generation, transmission, and dis- 
tribution of electric power. The problem 
of co-ordination of radio reception with 
this class of apparatus is more complex 
than it is for the low-voltage equipment 
and has not been completed. 

This paper is concerned with high- 
voltage apparatus and describes tests and 
method for calculating the over-all effects 
on radio reception resulting from the 
radio-frequency voltages produced in- 
cidentally by power apparatus. The cal- 
culations depend upon a number of fac- 
tors for some of which the range and 
probable values have not been deter- 
mined. One of these factors for which 
information is required is the coupling 
factor of antenna to power lines and is 
defined as the ratio of field intensity at 
the radio listener’s antenna to the field 
intensity under or near the transmission 
line. To determine this coupling factor, 
field tests were made at radio frequencies 
in a city receiving power from 25-kv 
transmission lines and 4-kv distribution 
circuits. A radio-frequency generator 
was connected to the 25-kv bus at the 


and for them it seems necessary to seek a 
means of avoiding false tripping. 

One means, but not a very practical 
one, is to demagnetize both sets of current 
transformers after each external fault 
when only one circuit is in service, and 
after each internal fault. 

Another means is to use only relays 
with sufficient delay to permit the error 
current to reduce the residual flux and 
thus prevent completion of their false 
operation. This delay may be inherent, 
or it may be incorporated in an external 
definite time relay if the balanced-current 
relay has a dropout high enough to per- 
mit it to reset when the secondary cur- 
rents again approach equality. 

In cases where high-speed relaying is 
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essential, the best solution lies in the use 
of current transformers with small or 
large air gaps in the cores. _ Ironless 
couplers* could be used, but would pro- 
vide a smaller output and require a more 
sensitive relay. 
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substation, and field-intensity measure- 
ments were made near the power lines 
and at 29 receiver antennas located at 
various distances from the 25-kvy lines. 
The coupling factors to the nearest 
power circuit and to the 25-kv line were 
thus obtained for all the antennas tested. 
Various other data useful in radio co- 
ordination were obtained. These include 
equivalent effective height of outdoor 
antennas used by radio listeners, types of 
grounds and distances from antenna to 
high-voltage and low-voltage lines. 


Radio Co-ordination—High-Voltage 
Apparatus 


In order to obtain a basis for evaluating 
the various factors in the radio co- 
ordination problem, it is necessary to 
provide a method of calculating the effect 
on radio reception of the radio-frequency 
voltages which may be generated by line 
and station apparatus. It can be shown 
that the following factors must be con- 
sidered: 


(a). Broadcast-station field 
microvolts per meter, 


intensity in 


(b). Signal to noise ratio acceptable to 
radio listener. 


(c). Ratio of interference field intensity at 
antenna to value at high-voltage line. 


(d). Ratio of radio-influence voltage on line 
to field intensity under or near the line. 


(e). Ratio of radio-influence voltage meas- 
ured with standard laboratory-test circuit 
to voltage which will appear on line when 
apparatus is connected. 


(f). Effect of service conditions. 


Discussion of Co-ordination Factors 


(a). Broadcast station field intensities de- 
pend on the locality and can be measured 
with the standard radio-noise meter. The 
magnitudes of the field intensities available 
as a function of the percentage of radio 
listeners is beyond the scope of this paper. 


(6). The signal to noise ratio acceptable to 
radio listeners is probably in the range of 
30 to 40 decibels. What the ratio should be 
depends on the type of radio program and 
the environment of the listener. Some back- 
ground noise can be tolerated in most cases 
if the program is quite understandable with- 
out undue concentration provoked by the 
background noise. 


(c). The coupling of antenna to high-volt- 
age line determines the effect on the radio 
receiver of radio-frequency fields under or 
near the power circuits. Because the coup- 
ling factor varies over a wide range, it 1s 
necessary to use distribution curves for the 
data and to use values of the factor which are 
significant for the case or area considered. 
The tests described in this paper were out- 
lined and made with the purpose of obtain- 
ing more information on this antenna-power- 
line coupling factor. 
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4 KV DISTRIBUTION NETWORKS 


35004 FT 


Figure 1, Outline of city in which radio co- 
ordination tests were made 


Twenty-five-kilovolt lines to substation shown 

—four-kilovolt distribution spreads over area 

along with necessary street lighting, d-c feeder 
and telephone circuits 


Twenty-five-kilovolt lines, four-kilovolt dis- 
tribution, telephone on same poles along lines. 
D-c feeders also on two lower line sections 


(d). This factor varies with the line height. 
Values from 55 to 90, average of 70, were 
measured 30 feet from the line, and under 
the line wires the values averaged only six 
per cent lower. In these cases there are 
25-ky, 4-kv, and street-light circuits on the 
same poles, and the field under the line does 
not decrease with distance from the line so 
rapidly as it does with single-circuit lines. 


(e). It is necessary to consider the effect 
of loading on radio-interference generators. 
Most generators connected to high-voltage 
circuits have several times the impedance 
(600 ohms) used in the standard high-volt- 


age test circuit to load the apparatus. Be- 
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antennas tested with ratio (coupling factor) 
greater than ordinate 
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Table |. Antenna Characteristics 
Feet to 
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* Where no ground was available, measurements were made by using neutral wire of 110-volt circuit as 


ground connection. 


** This is ratio of field intensity at the antenna to the field intensity 30 feet from the nearest high-voltage 


line. 


cause of the relatively high internal imped- 
ance the radio-frequency voltage which will 
exist when the apparatus is put in service 
on a transmission line is directly propor- 
tioned to the line impedance. For a line 
without reflections the load will be one-half 
the characteristic impedance which varies 
from 370 to 630 ohms, with an average of 
494 ohms as obtained from measurements on 
several lines made at carrier-current and 
broadcast frequencies. The average is 494 
ohms giving a value of 600/247=2.42 for 
(e). 


(f). The effect of service conditions is not 
known, Electric apparatus is usually oper- 
ated near its rating, and no large changes in 
the radio noise level will occur if ratings are 


not exceeded. In some cases the location, 
mounting, and proximity to ungrounded or 
grounded metal may be such as to change 
appreciably the electric field in the apparatus 
and outside of it in such a manner as to 
change the radio noise level. 


The above factors can be expressed in 
the form of an equation: 


ade 
RIV=— 


bof (1) 


where RIV is the radio-influence voltage — 


referred to the standard high-voltage 
test circuit 
If we use 31.6 (30 decibels) for 6, 70 for 


Figure 3. Coupling 


from high - voltage 


line to antenna as a 


function of distance 


from the line 
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Figure 4. Ratio of line-to-line and line-to- 
ground voltages on 110-volt circuit to field 
intensity 30 feet from nearest high-voltage line 


d, 2.42 for e, and 1 for f—all of which are 
reasonable values—and change nomen- 
clature for broadcast field intensity from 
a to E, equation 1 may be written 
RIV = oe microvolts (2) 
In this equation the factor c was con- 
sidered as one requiring field investigation 
in order that numerical values of RIV 
for satisfactory radio reception could be 
obtained. Field tests were made there- 
fore in an area as shown by Figure l. 
This area has 16,000 people with 4-kv 
distribution, street-light circuits, street- 
railway network, and 25-kv lines located 
as shown. 


Test Procedure 


A slowly keyed signal of one frequency 
(980,000 cycles) was applied by means 
of capacitors to one phase of the 25-kv 
line at the substation. The location of 
this substation and 25-kv lines relative to 
the area inhabited by radio listeners is 
The signal was of 
such a magnitude that it could be re- 
ceived, without interference, anywhere in 
the test region and along all transmission 
lines including the 132-kv lines feeding 
the 132-kv to 25-kv substation which is 


‘several miles from the test area. 
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Two standard? radio-noise meters and 
a standard signal generator were used as 
the measuring equipment. Test loca- 
tions, that is, listeners’ antennas, were 
selected at random along the 25-kv lines 
and at points several thousand feet and 
on both sides of the 25-kv lines. At each 
listener’s antenna, the following 980- 


kilocycle (test signal) measurements or 
records were made: 


1. Field intensity directly under and 30 
feet from 25-kv or distribution lines which- 
ever was nearest. (Thirty feet has been 
tentatively considered as a standard dis- 


A aaa 4/4 AT 600 KG 
SF NSB bys A/4 AT 980 KG 
HS 


A/4 AT 1400 KG 


MICROVOLTS PER METER 30 FT. FROM HIGH VOLTAGE LINE 


° 200 400 600 800 1000 
DISTANCE IN FEET ALONG THE LINE 


Figure 5. Variation in radio-influence field 
along same section of line at three frequencies 


tance. In most cases it is not necessary to 
leave the roadway to take readings.) 


2. Field intensity at the antenna. 


3. Voltage across listener’s radio receiver 
with antenna connected. 


4. Voltage across 1,000 ohms resistance— 
used in place of radio receiver. (This value 
of load resistance has been used by Depart- 
ment of Transport in Canada, as it makes 
possible comparison of antennas on a com- 
mon load basis.) 


5. Line-to-line and line-to-ground volt- 
ages were measured at the 110-volt 60- 
cycle outlet near listener’s radio receiver. 
The network (Figure 6 of reference 2) was 
used for these measurements. 


6. Distances from antennas to 25-kv line, 
to nearest distribution line, and to 110-volt 
line to house. 


7. Several other measurements were made 
such as field intensity under 132-kv line 
connected to the same system as the 25-kv 
line to which test signal was impressed; 
readings of field intensity at three fre- 
quencies along the same section of 25-kv 
line; field intensity along and at the end of 
a short length of street light circuit. 


Results of Tests 


ANTENNA CHARACTERISTICS 


The data given in Table I are for 29 
antennas—all of which are of reasonably 
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good dimensions and good construction. 
It was found that 45 per cent used water 
pipe for ground, 28 per cent had no con- 
nections to ground, and the rest used 
ground rods which measured in some 
cases several hundred ohms with direct 
current, The average characteristics for 
the antennas tested are as follows: 


Length: 583 feet for L types. 

Height: 22.3 feet. 

Equivalent effective height: 2.83 meters 
(this was determined by measuring the 
voltage across 1,000 ohms resistance con- 
nected from antenna to ground and the 
field intensity near the center of the an- 
tenna), 

Distance to nearest high-voltage line: 73 
feet (25 kv and 4 ky). 

Distance to low-voltage line: 
(110-volt circuits). 

Average coupling ratio: 0.93 (ratio of field 


20.7 feet 


FROM STREET LIGHT CIRCUIT 


MICROVOLTS PER METER 30 FT. 


ie} 
° 100 200 300 400 


D=DISTANCE IN FEET FROM 
END OF STREET LIGHT CIRCUIT 


Figure 6. Radio-influence field increase at 
the end of a circuit 


intensity at the antenna to the field intensity 
30 feet from the nearest high-voltage line). 


CouPLING RATIO—ANTENNA TO NEAREST 
25-Kv AND 4-Kv LINES 


The ratio of field intensity at the 
antenna to the field intensity 30 feet from 
the nearest power line is shown on Figure 
2 as a percentage-distribution curve. 
These data indicate that the radio-in- 
fluence fields at the antenna are on the 
average almost the same as the radio- 
influence field intensities at the nearest 
power circuit. There is no simple cor- 
relation between these coupling ratios 
and the distances to either high-voltage 
or low-voltage circuits. 


EFFECT OF DISTRIBUTION CIRCUITS ON 
TRANSMISSION FROM 25-Kv LINES TO 
ANTENNA 


The field intensity was measured 30 
feet from the 25-kv line at several points, 
and the average of these readings was 
compared to field intensities measured at 
the antennas. Curve A of Figure 3 
shows the attenuation across an area 
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having distribution circuits, and so forth. 
The loss is 0.0182 decibels average per 
foot taken from 100 feet to 1,000 feet 
from the 25-kv line. Curve B of Figure 
3 is for an area without any other circuits 
in the vicinity and gives, therefore, the 
attenuation for space transmission in the 
vicinity of a transmission line. The 
attenuation in this case is 0.024 decibels 
average per foot from 100 to 1,000 feet. 
Curve B was extrapolated after 300 feet, 
assuming that the field intensity varies 
inversely as the distance. The effect of 
distribution circuits is to increase the 
field intensity up to about twice that 
obtainable by space transmission alone. 


RADIO-FREQUENCY VOLTAGES ON THE 
110-Vo_t Home Circuits 


The ratios of the line-to-line and line-to- 
ground voltages to the field intensity 30 
feet from nearest high-voltage circuit are 
given as percentage distribution curves 
in Figure 4. (This ratio has the dimen- 
sion of length with the unit being the 
meter.) The line-to-ground component 
is considerably greater than the line-to- 
line component. It was noted that meas- 
urements near antennas varied from home 
to home in a manner similar to variation of 
high-frequency voltages on home circuits. 


CouPLING MEASURED BETWEEN CIRCUITS 
ON POWER SYSTEM 


(a). From 25-kv line to 132-kv line through 
a station. In this case the two lines came 
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to the station at about 90 degrees from each 
other, and the signal transfer was through 
the station. The field intensity measured 
under the 132-kyv line was 18.5 per cent of 
that measured under the 25-kv line. 


(b). From 25-kv line to 4-ky line and to 
telephone line. The four-wire four-kilovolt 
line is five to six feet away from and the 
telephone line 12 feet below the 25-kv line 
conductors. The voltage to ground on the 
four-kilovolt line was 8.2 per cent, and on 
the telephone line it was 2.4 per cent of 
the radio-frequency voltage on the 25-kv 
line. 


VARIATION OF RADIO-FREQUENCY FIELD 
ALONG THE 25-Kv LINE 


The curves of Figure 5 show the varia- 
tion in the field intensity which was ob- 
tained along a 1,000-foot section of 25-kv 
line. There is indication that the dis- 
tance between maxima depends on the 
wave length. The difference between 


average and maximum values is about 50 


per cent and is independent of the wave 
length. For the three frequencies the 
input voltage at the substation was the 
same, so that the curves represent 
the relative attenuation of signals over the 
network shown in Figure 1. 


RADIO-FREQUENCY FIELD MEASURED AT 
THE END OF A CIRCUIT 


It was observed during preliminary 
tests made with a receiver located in a car 
that the signal level increased whenever 
the end of a street-light circuit or of a 
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four-kilovolt line was approached. In 
order to obtain data as to the change in 
the field, measurements were made along 
and to the end of one of these street-light 
circuits. The variation obtained in the 
field intensity is shown in Figure 6. 
There is a change from minimum to 
maximum of 5 to 1 and a quarter wave ~ 
length occurs at approximately four- 
fifths the wave length corresponding to 
the velocity of light. 


Conclusions 


1. The radio-co-ordination problem has 
been resolved into the essential factors which 
can be determined independently. These 
factors can be combined to estimate the ef- 
fect on radio reception of a given radio- 
frequency source, the characteristics of 
which have been measured by means of a 
standard test circuit. 


2. Test data on the coupling factor c have 
been obtained, and it is believed that the 
distribution curve for the factor c, Figure 2, 
is representative for cities which have similar 
high-voltage and distribution lines. 
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Application of Lightning Protective 


Devices in Wartime 


I. W. GROSS 
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mle Introduction 


NDER present wartime conditions 

the need for conserving critical 
materials has been impressed upon the 
electrical industry with emphasis. It is 
for this reason that the lightning arrester 
subcommittee of the protective devices 
committee undertook a review of light- 
ning protective devices and practices and 
their application to uncover and present 
any worth-while savings which it seems 
possible, practical, and reasonable to 
obtain. Within the short time since this 
project became active, it has not been 


- possible to obtain committee agreement 


on all the various considerations involved. 
Therefore, rather than withhold from the 
industry the value of constructive study 
and suggestions already available, this 
paper is being presented without the 
sponsorship or any commitment by the 
lightning arrester subcommittee. It is 
hoped that its presentation and the dis- 
cussions it will initiate will be helpful to 
the committee in continuing its work on 
this project to a conclusion. It is the 
purpose of the paper to give some results 
of a study on this problem up to the time 
the paper was prepared. 

It should be pointed out clearly, how- 
ever, that it is not the intent of this paper 
to imply that the suggested methods of 
protection and practices are suitable for 
universal application. Neither is it the 
intention to force the industry to use any 
of the suggested expedients where the 
particular conditions encountered are 
not suitable. 

It is solely the intent of this paper to 
cover from a broad point of view factors 
in lightning-arrester protection which, if 
applied on an engineering basis, should 
result in some worth-while savings, both 
direct and indirect, in critical materials 
without lowering appreciably past stand- 
ards of protection. In most cases, the 
protection should actually be improved. 


II. Method of Approach 


In undertaking this study, it was felt 
at first that the savings possible would be 
of limited extent. However, a further 
consideration indicated that, while an 
actual saving of critical metals was 
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possible by applying lower-rated ar- 
resters where feasible, or by revamping 
old arresters, or reducing the length of 
connections and substituting other ma- 
terials, there were extensive savings pos- 
sible in the equipment to which the pro- 
tective device was applied. 

Carrying the analysis somewhat fur- 
ther, it was believed that a careful study 
of the protective problems of individual 
application would result in savings of 
both material and man hours for old 
installations already in service as well 
as for new installations being planned. 
At first thought, it might be assumed that 
the use of substitute materials for those 
now considered critical and the suggested 
reduction in arrester ratings in certain 
applications might introduce a greater 
hazard to the system as a whole. A more 
careful analysis of the situation, however, 
seemed to indicate that, in most cases, the 
over-all hazard to the system would be 
considerably reduced, although it might 
be expected that occasional failures of 
the protective devices themselves might 
result from the rebuilding of old equip- 
ment and the use of smaller arresters 
(line-type instead of station-type) and 
reduction of arrester rating. * 

The reports of some companies who had 
already put into use some of the methods 
discussed here indicated that satisfactory 
results were obtained. In many cases 
such changes from old practices had been 
made prior to the necessity for conserving 
scarce materials. The author, therefore, 
decided at this time to present and dis- 
cuss the various proposed methods of 
conserving scarce materials and saving 
in man hours which are outlined below, 
since experience, limited in some cases, 
has been obtained already on some of the 
methods under service conditions. It is 
hoped that this paper will stimulate 
further interest and activity in the appli- 
cation of surge protective devices in a way 
that will save valuable critical material 
and man hours for the war effort. 


III. Discussion of Proposed 
Methods of Protection 


The work in recent years in getting a 
clearer picture of insulation strength of 
equipment and the protection afforded by 


Gross—Wartime Lightning Protective Devices 


protective devices has been presented and 
discussed quite thoroughly in the past 
and therefore will not be presented here. 
The lightning arrester and similar circuit- 
clearing devices have a very definite 
maximum voltage (60-cycle) rating which 
must not be exceeded in service without 
the possibility of failure of the device. 
In the past, many arresters have been 
applied to a system merely by matching 
the arrester rating with the system volt- 
age without giving consideration to the 
actual voltage which might appear across 
the arrester in service. This is particu- 
larly true of solidly grounded neutral 
systems. 


1. ReEpucED-RATED ARRESTERS 


The first consideration, therefore, is 
that of applying arresters on the basis of 
the highest system, or 60-cycle, voltage 
expected across their terminals in service. 
If this principle is adhered to, it is possible 
on many grounded neutral systems, at 
least, to use an arrester having a rating 
somewhat below, and in some cases con- 
siderably below, the line-to-line rating 
of the system. In the past, the entire 
field was covered by the general rule that 
on a grounded neutral system, the ar- 
rester would have a 60-cycle rating of 
approximately 80 per cent of line-to-line 
voltage. While this rule seemed to work 
out satisfactorily in most cases from an 
operating point of view, many cases 
exist today where an arrester of lower 
rating than one selected by this rule can 
be and has been used successfully. Ona 
132-kv nominal system, for example, the 
preferred rating for apparatus is 5 per 
cent higher or 138 kv, and the rating for 
arresters is 5 per cent above this value, or 
144kv. Ifthe system neutral is grounded 
however, the industry recommendation 
for the arrester is 80 per cent of 144 or— 
the nearest standard arrester—121 kv. 
Thus, the use of the so-called grounded 
neutral arrester, instead of the full-rated 
arrester, on a system the neutral of which 
is grounded, results in a saving of ap- 
proximately 20 per cent of the arrester 
material and cost, with considerably better 
protection provided. In carrying the 
analysis a step further, a calculation of the 
system overvoltage for each arrester 
application is made by our company, 
which showed in practically all cases that 
the overvoltage to ground does not ex- 
ceed 109 kv. This results in a further 
Sen 43-63, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
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decrease of 10 per cent in the materials 
and cost of the arrester. Three large 
companies have reported that they have 
been adopting this general practice of 
using the so-called reduced-rated ar- 
resters for grounded neutral systems for 
a considerable period of time with com- 
pletely satisfactory results. The practice 
can be applied to both new installations 
and revamped old installations with 
direct savings of material in both cases. 
This application of so-called ‘“‘reduced- 
rating’ arresters on solidly grounded 
neutral systems on the basis of the cal- 
culated 60-cycle system voltage under 
fault conditions instead of on the cus- 
tomary 80 per cent rule has resulted in 
savings other than in the arrester alone. 
It has been found possible in some cases 
to use equipment in the next*lower volt- 
age class, thereby using less critical 
material in the equipment itself. 
2. Line-Type IN PLACE OF STATION- 
Type ARRESTERS 


A second consideration relates to the 
use of line-type arresters in the place of 
station-type in certain locations and 
under some conditions. Several savings 
are possible here: 


1. In the amount of material required for 
the smaller line-type arresters. 


2. Inthe possibility of less structural work 
for supporting the arrester. 


It should be appreciated, of course, 
that the line-type arrester has a higher 
voltage level of protection than a station- 
type, and for this reason this application 
may not be desirable in some cases. On 
the other hand, where new equipment is 
involved, it is often possible to use the 
line-type arrester instead of the station- 
type and still obtain adequate protection. 
Four large users of arresters have reported 
the successful application of line-type 
arresters in place of station-type under 
some conditions. 

3. PROTECTING EourpmMENT Not AL- 
READY PROTECTED 


It might seem at first that the recom- 
mendation to add an arrester or similar 
protective device to equipment not now 
so protected is a “spending” of critical 
materials rather than a “‘saving.’”’ The 
broad point of view, however, is that the 
protection of equipment, subject to 
frequent hazards of overvoltage, may 
save that equipment from failure. It 
thus obviates the necessity of using criti- 
cal materials for replacement of the 
damaged apparatus and further saves 
the man hours involved in building new 
replacement equipment or repairing the 
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damage, as well as the man hours in- 
volved in replacement in the field. 

It is not intended to imply that ex- 
tensive and elaborate protective schemes 
be added to many pieces of equipment or 
in many situations where it is felt that 
past experience has given satisfactory per- 
formance, but a careful analysis of many 
situations in most companies will reveal 
cases where it is believed a thorough study 
and application of protective devices will 
yield considerable over-all benefits. 

Cables, for example, subject to light- 
ning require a large amount of critical 
material which well might be saved by 
suitable protection. Likewise, the pro- 
tection of rotating equipment such as 
generators and large motors, subject to 
transient overvoltages, well may be given 
careful study, since the failure of such a 
piece of equipment may result in con- 
sequences more important than even the 
saving of critical materials. For example, 
the loss of generating capacity over a 
period of time or interruption to service 
to important war industry loads, al- 
though not “critical materials,” is in a 
sense as important, if not more so. 


4. REBUILDING AND REVAMPING OLD 
ARRESTERS 


A fourth factor to be considered is the 
savings of materials made possible by 
rebuilding or revamping old-type ar- 
resters. Several companies have re- 
ported that they have been doing work 
along these lines for some time. In the 
case of oxide film arresters which were 
extensively used in the past, it is general 
practice in a number of companies to 
reduce the number of cells in existing 
arresters, which, in effect, means reducing 
the arrester rating to match. more nearly 
overvoltage conditions of the circuit 
where they are used. The principle in- 
volved has been discussed in the pre- 
ceding paragraphs. Likewise, the chang- 
ing of four-leg oxide film arresters to the 
three-leg type has been an accepted 
practice in our own company for some 
time, with complete success from the 
viewpoint of added protection and ab- 
sence of arrester failure. Of course, in 
such cases the 60-cycle maximum rating 
of the remaining three legs must be 
checked against the system overvoltage 
under fault conditions. In some cases 
where the three-leg 60 cycle rating was too 
low, part of the fourth leg was left in 
service to supply the deficiency. 


Successful rebuilding of mica-spaced 
and open-gap autovaive arresters has 
also been reported. The rebuilding of old 
arresters supplies added protection to 
equipment, where they are installed by 
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lowering the protecting level, and also 


may make available some of the material | 


removed for other arrester locations or 
spare parts. The rebuilding of even 
obsolete arresters may be warranted in 
some cases, if new arresters are not avail- 
able. The added protection of rebuilding 
obsolete arresters may be justified in 
some cases, although the protective level 
may be higher than would be desired 
ordinarily. 


5. PROTECTIVE DEVICES OTHER THAN 
ARRESTERS 


While the lightning arrester has been 
mentioned here quite extensively, it is 
recognized that there are other protective 
devices such as the protector tube, open- 
air gap, and control gap which also take 
their place in the matter of conserving 
materials. The decision as to which de- 
vice to select is one of individual appli- 
cation and protection desired. It is 
believed that the characteristics of all of 
these devices are available or can be ob- 
tained with sufficient accuracy for pur- 
poses of application. All of these devices 
have been reported as having been used 
with satisfactory results. Whether to 
use one device in preference to the other 
in an attempt to save critical materials 
will probably depend in most cases on 
the immediate protective problem at 
hand and the availability of the device. 


6. CONNECTING LEADS BETWEEN 
ARRESTER AND EQUIPMENT 


A sixth consideration is the conducting 
material, usually copper, which can be 
saved by eliminating the ground leads 
from the ground end of arresters toground. 
Where arresters such as station type or 
arresters mounted on the well-grounded 
structural steel of stations or steel poles 
are involved, the elimination in new de- 
signs or the removal in old designs of di- 
rect ground-wire leads can be accom- 
plished without impairing the protective 
value of the arrester. The removal of 
such existing ground leads may not be 
highly practical, but in new installations 
it most certainly seems justified as a 
wartime expedient. 


7. CriTicaAL MATERIALS IN ARRESTER 
MANUFACTURE 


Inherently, an arrester or other pro- 
tective device of this type has a relatively 
small amount of critical material, that is, 
copper, iron, and aluminum. In one case 
at least, aluminum supporting castings 
have been replaced by galvanized iron. 
It has been suggested that the internal 
mechanism of the sealed gap element in 
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Id be made in whole or in 
tron in the place of brass, but since 
oth materials are so-called “critical,” 
tk nge in arrester design would be 
predicated probably on which may become 
most critical and in the arc-interrupting 
characteristics of a design using iron. 
_In the design of devices, therefore, it does 
not appear that there is room for any 
appreciable saving in critical metals, and 
probably the manufacturers have gone 
_ about as far as they reasonably can under 
present conditions. 


8. PROXIMITY OF ARRESTER TO 
EQUIPMENT 


_ An eighth consideration relates to the 

location of the arrester or protective de- 
vice close to the equipment to be pro- 
tected. This is now recognized as 
fundamental in applying overvoltage 
protective devices. By locating arresters 

this way and even relocating those now 
_in service in the field, it is possible in some 
cases to save copper conductor at the 
ground and line leads and, at the same 
time, improve protection to the equip- 
ment. It is well known that under some 
conditions long leads in the arrester cir- 
cuit permit the protective level at the 
equipment to rise appreciably above the 
level at the arrester terminals. 

Cases where this proposal can be ap- 
plied are at cable terminals where the 
arrester should be located directly across 
the pothead terminal rather than have a 
separate ground lead extending to ground, 
_ provided, of course, that the cable sheath 
_ is well grounded at the arrester location. 

Another case involves the location of 
_ distribution arresters one pole distant 
from isolated transformers or transformer 
banks. Such methods of attempted pro- 
tection are considered of limited value in 
exposed locations where a long arrester 
ground lead is used and there is in addi- 
tion a long line lead between the arrester 
and the transformer. In recent years the 
practice has been followed by several 
companies of locating arresters directly 
on equipment such as transformers, the 
transformer tank being provided with a 
supporting bracket on the tank. Ar- 
resters likewise have in some cases been 
mounted on the transformer covers. This 
suggestion can be applied both to new 
arrester installations and to many existing 
ones. 
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9. SHIELDING SraTIons 


Another consideration applies to pro- 
tection at stations where considerable 
electrical equipment is located and the 
equipment is built up of a large amount 
of critical material and will require re- 
placement or repair in kind, as well as 
requiring a large amount of man hours 
and possible loss of factory output, if it 
should fail in service. The adequate pro- 
tection of such stations seems almost a 
necessity. One way of greatly adding to 
the protection is by shielding the station 
as a whole, in addition to applying ar- 
rester protection. While shielding re- 
quires some critical materials such as 
steel, copper, or combinations thereof, 
it is suggested that careful consideration 
be given to such shielding in the light of 
relative importance of the equipment 
contained in the station. It is not rec- 
ommended that all stations be shielded, 
but there are undoubtedly some which can 
initially use critical materials such as 
shielding wires with considerable, overall 
saving from a long range point of view. 


10. TrEsts AND MAINTENANCE OF 
ARRESTERS ' 


The last subject considered here centers 
around the idea of keeping in the best 
possible operating condition equipment 
which we now have. This means, with 
the lightning arrester, a high degree of 
careful and planned maintenance. So 
far as the arrester is concerned, it is sug- 
gested that special consideration be given 
to testing arresters wherever possible and 
feasible, to insure that they are in the best 
of condition to perform their expected 
functions. Several years ago recom- 
mendations were made by the AIEE 
lightning arrester subcommittee on meth- 
ods of testing some types of arresters. 
Since that time, a large number of ar- 
resters have been tested, and other 
methods of test or refinements have been 
used. It cannot be urged too strongly 
that a special attempt should be made to 
keep the arresters in the best possible 
condition. 


IV. Summary of Benefits and Savings 


That there are possible savings in 
critical material and man hours in the 
more careful study and application of 
protective devices already installed on the 
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existing equipment and new applications 
seems evident from the preceding dis- 
cussion, 


A. The application of arresters on the 
basis of their rating, co-ordinated with the 
overvoltage of the system, will reduce to a 
slight degree the number of arrester units 
required on new work and make available 
some arrester units now in service for spares 
or new installations. 


B. By closer application of arresters on the 
basis of their voltage rating, better protec- 
tion will be provided to the protected equip- 
ment, and this should result in fewer equip- 
ment failures and, consequently, less need 
for critical materials and a saving in man 
hours used for renewal. 


C. The use of lower-rated arresters also 
will result in lower insulation requirements 
of equipment such as transformers, for ex- 
ample, with consequent saving in steel in 
the containing tanks and core and some 
copper in bushing studs and winding. 


D. The use of line-type arresters instead 
of station-type, where expedient, results in 
a direct savings of materials in the arresters 
themselves, as well as in possible savings in 
steel-mounting members and structures. 


FE. Applying protection on equipment not 
already protected can result in indirect sav- 
ings in replacement of equipment which 
otherwise might become faulty if not pro- 
tected. 


F. Rebuilding of old arresters provides 
greater protection to existing equipment 
and eliminates the requirement of critical 
material for new modern arresters. 


G. The omission and removal of ground 
leads from arresters already connected to 
well-grounded metal structures provide 
critical material for scrap or other uses. 


H. A well-planned shielding system for 
exposed stations, although initially requiring 
critical material, may be more than com- 
pensated for by the prevention of equipment 
failure in such stations. 

I. Testing of existing equipment to keep 
it in first-class operating condition likewise 
may reduce to a large extent the require- 
ments for new equipment for replacement 
of protective devices and equipment which 
may become faulty in service. 


It should be kept in mind that, in 
applying some of these suggestions, the 
failure rate on the protective devices 
themselves may increase, but it is believed 
that, if the conditions of each situation 
are considered carefully, and action taken 
on an engineering basis, the net over-all 
effect will be of considerable benefit to the 
war effort. 
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The Auto-Blast Interrupter Switch 


E. A. WILLIAMS, JR. 
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Synopsis: An air interrupter switch may be 
defined as a nonautomatic air switch which 
combines the functions of a disconnecting 
switch with the ability to interrupt current 
up to a predetermined magnitude. It pri- 
marily differs in function from a circuit 
breaker in that it cannot interrupt overload 
or short-circuit currents. General specifi- 
cations for interrupter switches are proposed. 

The Auto-Blast interrupter switch is an 
air interrupter switch having each pole 
equipped with an are chute into which the 
are is driven by a blast of air generated 
automatically when the switch is opened. 
Interruption occurs within the chute by 
elongating and cooling the arc. The con- 
struction and operation of this switch is 
described, and test data are presented to 
show compliance with the proposed general 
specifications. 


HILE power circuit breakers are 
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circuit breaker. Economical switching 
provisions are necessary to provide means 
for disconnecting an individual trans- 
former from a primary feeder without de- 
energizing the feeder. 

Since an interrupter switch cannot 
open short-circuit current and a short cir- 
cuit may occur at any time, there is al- 
ways a certain degree of hazard associated 
with the operation of such switches. The 
probability of the occurrence of a short 
circuit in the transformer at the instant a 
switch is opened is remote, but the failure 
of a switch to interrupt the arc, for any 


reason, will probably result in a short 
circuit within the metal enclosure. Much 
can be done to minimize this possibility 
by giving due consideration to adequate 
design and tests. Good engineering judg- 
ment dictates the following general speci- 
fications for interrupter switches: 


1. Long operating life with a minimum of 
maintenance. 


2. Ability to interrupt current, within its 
interrupting rating, without arc or flame out- 
side of the interrupting element. 


3. A sufficient number of tests to demon- 
strate adequate safety factors in voltage, 
current, and operating life. 


4. Speed of opening independent of opera- 
tor. 


5. Positive operation to prevent failure 
caused by partial closing and reopening. 


6. An insulation level consistent with that 
of other apparatus in the circuit. 


Table A. Three-Phase Reactance Load Interrupting Tests 


Circuit Diagram Figure 6a 
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Paper 43-52, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 25, 1942; made available for printing 
December 21, 1942. 
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* Average three-phase voltage. 


** Two values indicate minimum and maximum current interrupted for each series of tests. 


Table B. Single-Phase Reactance Load Interrupting Tests 


Reactance Load—Circuit Diagram Figure 6b 
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closure and operating handle removed 
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** Two values indicate minimum and maximum currents interrupted for each series of tests. 
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Main blade par- 
tially open, auxiliary blade closed, with latch 
tripped and piston starting exhaust stroke 


(c). Opening operation. 


The Auto-Blast interrupter switch de- 
scribed in this paper is a new device which 
is intended primarily for application in a 
metal enclosure on the high-voltage side 
of unit substations and secondary-net- 
work transformers. 


Construction and Operation 


The Auto-Blast interrupter switch, Fig- 
ure 1, is essentially a triple-pole group- 
operated device with three moving ele- 
ments carried on a common rotatable 
operating shaft. The switch is arranged 
for mounting in a metal enclosure and for 
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__INTERLEAVED 
“ARG CHUTE 


_FRONT ARC 
~~ "RUNNER 


AUXILIARY 
BLADE 
MAIN CONTACT 


REAR LATCHING 


Figure 2. Cutaway views of 
Auto-Blast interrupter switch 
showing operation 


(a—left). Main and auxiliary 
blades closed and piston at end 
of exhaust stroke 


(o6—right). Opening Opera- 

tion. Main blade partially 

open, auxiliary blade closed 

and piston at end of intake 
stroke 


FINGERS 


~ LATCH ROLLER 


___ FRONT LATCHING 
NOTCH 


NOTCH 


(d). Opening operation. Main and auxiliary 
blade partially open, latch reset and piston at 
end of exhaust stroke 


operating by means of a handle (not 
shown), keyed to either end of the rotat- 
able shaft and located outside of the en- 
closure. In an opening operation the 
main switch blade opens first and, after a 
predetermined movement, trips a latch 
which releases the spring-actuated aux- 
iliary blade. The auxiliary blade then 
snaps open, and the resultant arc is forced 
into the chute by a blast of air from a 
cylinder on the auxiliary blade. Figure 2 
shows the construction of the switch and 
the relationship of the parts during suc- 
cessive steps of operation. 

Each moving element of the switch 
has a pair of spaced main blades rigidly 
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Main and auxiliary 
blade partially closed, toggle latch depressed 


(e). Closing operation. 


fastened to the operating-shaft insulators. 
An auxiliary blade and latch assembly is 
carried between and pivoted on the main 
blades at a point near the operating shaft. 
An air cylinder and nozzle form an inte- 
gral part of the auxiliary blade, and a 
coacting air piston is attached to the main 
blades. A torsion spring normally main- 
tains a parallel relationship between the 
main and auxiliary blades in which posi- 
tion the piston is at the exhaust end of its 
stroke. 

Each stationary element of the switch 
consists of a contact and an are chute as- 
sembly mounted on a fixed insulator. 
The contact assembly is made up of two 
spaced main contacts outside of the chute 
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SECTION "x-x!" 
Figure 3. Interleaved arc chute 


Side view with A side removed 


and two arc runners centrally located in- 
side the chute. The arc-chute assembly 
includes an interrupting element, with or 
without a muffler, and means for latching 
the auxiliary blade in the closed-circuit 
position during the first part of the open- 
ing stroke of the main blade. 

In the closed position, Figure 2a, the 


main and auxiliary blades are in parallel, 


and the air piston is at the exhaust end 
of its exhaust stroke. When the operating 
handle is moved from the closed position, 
the main blade starts the opening travel, 


Figure 4. Dimensions of metal-enclosed 
interrupter switch mounted on_ transformer 
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Figure 5. Radio-influence voltage tests on the 
Auto-Blast interrupter switch 
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the auxiliary-blade latch engages the rear 
notch in the side plates of the chute as- 
sembly and holds the auxiliary blade in 
contact. As the main blade continues to 
move away from the fixed contact, the 
piston starts its intake stroke, and the 
auxiliary blade and air cylinder remain 
stationary until the switch reaches the 
position shown in Figure 2b. At this 
point the piston strikes and trips the 
toggle of the latch, Figure 2c, and the tor- 
sion spring snaps the auxiliary blade back 
toward the main blade and drives the 
cylinder over the piston forcing a blast of 
air from the nozzle into the are chute. As 
the cylinder approaches the end of the ex- 
haust stroke, the latch resets, the piston 
diaphragm covers the nozzle opening and 
traps air in the end of the cylinder, 


Figure 6. Test circuit diagrams 
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(a). Three-phase reactance load tests 
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(c). Single-phase capacitance load tests 
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thereby cushioning the shock, Figure 2d. 
Both blades then move together to the 
full 90-degree open position. 

In a normal closing operation, as the 
operating handle is moved from the open 
position toward the closed position, both 
blades and the toggle latch assembly move 
together until the latch is depressed, Fig- 


’ 


ure 2e, by the cam surfaces formed on ~ 


the arc-chute side plates. The latch 
roller then successively engages the front 
end and the rear latching notches as the 
switch is moved to the closed position, 
Figure 2a. The location of the front 
latching notch is such that it is engaged by 
the latch roller before an arc can be es- 
tablished during a closing stroke. This 
feature prevents the possibility of failure 
caused by partial closing and reopening. 

The interleaved arc chute, Figure 3, 
is similar to the chute of the Magne- 
Blast air circuit breaker.? It is formed by 
tapered fins alternating from either arc 
chute wall. The material of the chute is 
treated especially to be arc resistant and 
essentially nongas producing and non- 
expendable. The entire arc-chute as- 
sembly is easily removable for inspection 
of contacts, without disturbing the ad- 
justment of either the chute or the switch 
parts. 

The are is drawn in a narrow slot be- 
tween the auxiliary-blade tip and the rear 
arc runner. As it is forced up the run- 
ners and into the chute, it progressively 
lengthens and encounters an increasing 
cooling effect as its path becomes longer. 
The maximum current that can be inter- 
rupted with no disturbance external to the 
interrupting element is a function of the 
size of the arc chute and of the pressure 
and volume of the air blast. When 
interrupting relatively low currents, such 
as transformer exciting current, the arc 
and incandescent gases are entirely con- 
fined within the short simple chute of 
Figure 3. With increased current, as 
indicated in the accompanying tables, the 
air blast tends to drive the incandescent 
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(6). Single-phase reactance load tests 
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(d). Single-phase short-circuit tests 
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(a). Test 47 

A—Timing wave 

B—Voltage across switch—line 1 
C—Current through switch—line 1 
D—Voltage across switch—line 2 
E—Current through switch—line 2 
F—Voltage across switch—line 3 
G—Current through switch—line 3 


(d). Test 296 
A—NVoltage across switch 
B—Current through switch 
C—Timing wave 


are gases through the short chute before 
adequate cooling can take place. The 
interruption of relatively high currents 
can be successfully accomplished in the 
same arc chute by the addition of a suit- 
able muffler to cool further the arc gases. 

The combination of a small basic arc 
chute for low current and an easily at- 
tachable muffler for higher current pro- 
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(ob). Test 189 
A to G same as (a) 
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(2). Test 299 
A—Current through switch 
B—Voltage across switch 


Figure 7. Typical oscillograms 
Refer to Tables A, B, and C for data 


vides the most economical arrangement 
for handling the complete range of cur- 
rent under consideration. It further 
provides a convenient means of increas- 
ing the interrupting ability of existing de- 
vices originally intended for the interrup- 
tion of transformer exciting current only. 

Since space is always at a premium, 
it is important that the dimensions of the 
switch and its enclosure be maintained 
at the minimum commensurate with 
adequate insulation levels. The required 
impulse-withstand test voltage is the 
major factor in determining the over-all 
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(c). Test 254 
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(Ff). Test 322 
A—Current through switch 
B—Voltage across switch and capacitor 


dimensions of the Auto-Blast interrupter- 
switch enclosure shown in Figure 4. Di- 
mensions of such magnitude must, of 
necessity, accompany the degree of insu- 
lation obtained. 


Tests 


The Auto-Blast interrupter switch, 
mounted in a metal enclosure, has been 
tested thoroughly to check its conform- 
ance with the design specifications. 

Radio-influence tests in both the open 
and closed positions of the switch with 
the metal enclosure grounded, Figure 5, 
show that the radio-influence levels of the 
interrupter switch for all classes of insula- 
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(a). After test 49 


(d). After test 248 


(e). After test 955 


Figure 8. Arc chutes after three-phase inter- 
rupting tests 
Figure 9 (below). Test 326 
tion meet the limits esiablished in the 
National Electrical Manufacturers Asso- 
ciation Standards.* 


Attempting to open short circuit of 30,000 
amperes initial, 16,400 amperes final at 14.5 ky. 
Arc duration 23 cycles 


(a). Before test 


(e). After nine cyles of arc (fF). After 17 cycles of arc 
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(g). After 19 cycles of arc 
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(c). After test 199 


Dielectric tests, both 60-cycle and 1m- 
pulse, made on the switch in the open and 
in the closed positions with the metal en- 
closure grounded, determined the insula- 
tion required and the sizes of the metal 
enclosures, Figure 4. These tests were 
accordance with the AIEE 
Standard? for air switches. 


made in 


Interrupting tests were conducted over a 
two-year period to investigate a number 
of basic methods of interrupting trans- 
former exciting current and load current. 
More than 5,000 tests showed the Auto- 
Blast design to be by far the most out- 
standing. A few of the results are shown 
in Tables A, B, and C with typical mag- 
netic oscillograms in Figure 7. 

Various circuits were sed to cover the 
complete range of current and voltage. 
To simulate in test the most severe 
service conditions, a value of 20 per cent 
power factor was established as the maxi- 
mum at which interrupting tests should 
be made. However, all of the reactance- 


(d). After four cycles of arc 


(h). After test 
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Figure 10. Switch parts after test 326 


load interrupting tests were made with 


the current limited almost entirely by re- 


actance, and the power factor in all cases 
approached zero. 

The entire series of three-phase react- 
ance-load interrupting tests in Table A 
was made on one set of are chutes and 
without maintenance of any kind on the 
switch or chutes. After each group of 
tests, the switch was examined, the arc 
chutes removed, dismantled, and photo- 
graphed. The only evidence of change 
during the entire series of tests was a 
slight pitting of the arc runners and a dis- 
coloration of the arc chutes by a noncon- 
ducting oxide deposit, Figure 8. After 
tests the chutes were in excellent condi- 
tion and were obviously suitable for at 
least 1,000 successful operations. 

The single-phase reactance-load inter- 
rupting tests, Table B, demonstrate that 
the 15-kv switch, without a muffler, 
performs successfully at voltages up to 22 
kv across a single pole to ground. The 
single-phase capacitance-load interrupt- 
ing tests in Table C, made with and with- 
out capacitance on the line side of the 
switch,® indicate the possibility of switch- 
ing capacitor banks with the Auto-Blast 
interrupter switch. 

Short-circuit tests at 14.5 kv, Table D, 
were made with the switch in the circuit 
near the generator terminals. The switch 
with manual mechanism was closed with 
a fast positive operation against a fault 
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Table C. Single-Phase Capacitance Load Interrupting Tests 


J Single-Phase Capacitance Load Tests—Circuit Diagram Figure 6c 


Line-to-Ground 


Line-to-Line 


Capacitance 
Recovery **Test Current (Microfarads) 
Voltage (RMS 
Tests (Kilovolts) Amperes) Ci Cy Muffler Remarks 
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Two values indicate minimum and maximum currents interrupted for each series of tests. 


current of 31,000 amperes. The switch 
parts were damaged, but all resulting 
disturbance was confined within the metal 
enclosure. An opening test under ap- 
proximately the same short-circuit cur- 
rent conditions produced a very severe 
disturbance as shown by high-speed mo- 
tion pictures, selected frames of which 
are reproduced as Figure 9. Flame, hot 
metal, and gas were blown through the 
ventilating louvres and through the joint 
between the cover and the housing. The 
switch parts were badly damaged as 
shown in Figure 10, and most parts would 
have required replacement before the 
switch could have been put back in serv- 
ice. 


Conclusions 


1. Interrupter switches in general should 
be liberally designed and rigorously tested, 
since any failure in normal operation prob- 
ably will result in a short circuit. 


2. The Auto-Blast interrupter switch fully 
meets all modern requirements for high insu- 
lation level, low radio-influence voltage, 
and adequate safety factor in interrupting 
ability for the service intended. 


3. The interrupting element of the switch 
is arc resisting, essentially nongas producing 
and nonexpendable, thereby providing long 
operating life with minimum maintenance. 


4. ‘The performance of the switch is con- 
sistently uniform with an arcing time in the 
order of one to two half-cycles at all currents 
within its interrupting rating. 


5. It has been demonstrated that the 
switch, when closed with a fast positive 
operation, has mechanical and thermal 
strength to withstand closing against short- 
circuit current not exceeding the short-time 
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Table D. Single-Phase Short-Circuit Tests— 
Circuit Diagram Figure 6d 
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325. .14.5..31,000 .. Close... . No disturbance out- 
side of housing 
except slight 
trace of smoke 
from louvres 


30,000 
326..14.5 bears Open....Loud report with 
anal much smoke, 
flame, and hot 


metal from hous- 
ing. Several bolts 
from lower edge 
of cover blown 
off 


current rating of the switch with disturbance 
and damage confined within the metal 
enclosure. 
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Harmonics and Load Balance of 
Multiphase Rectifiers 


Considerations in the Selection of the Number of 


Rectifier Phases 


R. D. EVANS 


FELLOW AIEE 


Synopsis: This paper analyzes the operat- 
ing characteristics of multiphase power recti- 
fiers from the standpoint of harmonics, load 
balance, and their interrelation, and their 
effects on the apparatus and circuits to 
which they may be connected. These fac- 
tors are considered in connection with selec- 
tion of the number of rectifier phases, which 
varies from six (four for very small sizes) to 
combinations of six-phase units to form a 
much larger number, such as 36, 72, or even 
108 phases. More specifically, the problems 
of harmonics, load balance, and number of 
phases are considered. from the standpoint 
of the effects on 

1. Apparatus, particularly turbine generators and 
capacitors. 


2. The wave-shape distortion on circuits that may 
be important in inductive co-ordination. 


3. The possibility of resonance being encountered 
in the supply system to amplify one or more of the 
rectifier harmonics. 


These problems have increased greatly be- 
cause of the great number and large size of 
rectifier installations made in connection 
with the war. 


Determination of Harmonics in the 
A-C Supply Circuits 


T is a well-known property of rectifiers 
and inverters that they produce dis- 
tortion of both voltage and current waves 
which appear on both the d-c load circuits 
and a-c supply circuits, even though the 
latter contains no generated harmonics. 
The important harmonics of rectifier in- 
stallations for all except traction appli- 
cation are restricted normally to those in 
the a-c supply and are the only ones here 
considered. 
The harmonics in the supply system 
resulting from the operation of balanced 
rectifiers or inverters include the series 
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(pn+1) and (pn—1), where p is the 
number of rectifier phases and 1 is a series 
of integers. For power applications the 
number of rectifier phases is usually lim- 
ited to six or multiples thereof. Thus, the 
harmonics of a six-phase rectifier are the 
5th, 7th, 11th, 13th, 17th, 19th, and so 
forth; the harmonics of a 36-phase 
rectifier are the 35th, 37th, 71st, 73d, and 
so forth. Actually, rectifier circuits are 
not perfectly symmetrical or balanced so 
that some harmonics, not characteristic 
of the total number of rectifier phases, 
may be present in reduced magnitude. 
Thus, if a rectifier of 36 phases is oper- 
ating with one six-phase unit out of serv- 
ice, the 5th, 7th, 11th, 13th, 17th, 19th, 
and so forth, harmonics will appear in the 
supply as well as the 35th, 37th, and so 
forth, harmonics which are character- 
istic of a balanced 36-phase installation. 
Methods are available for the calcu- 
lation of harmonics in the supply circuit 
to a rectifier.1~* The theoretical meth- 
ods*? are based on Fourier analyses, 
assuming that the inductance of the d-c 
load circuit is very high and that the 
impedance of the supply circuit has a 
linear frequency-reactance characteristic. 
One method® takes into account the load- 
ing of the rectifier, the reactance of the 
supply, and the amount of voltage reduc- 
tion by phase control. This method 
gives excellent results when the assump- 
tions upon which it is based are ap- 
proached, Extensions of this method are 
also described’ for application to cases 
where the supply circuit does not have a 
linear frequency-reactance characteristic. 
These extensions are based on finding an 
equivalent 60-cycle supply reactance 


* corresponding to the actual harmonic 


reactance of the supply. 


Heating of Generators 


Generators supplying rectifiers are 
subjected to increased heating because of 
harmonics, particularly local heating in 
rotors. The heating problem is more 
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important for turbine generators than 
for salient-pole machines, being particu- 
larly less for machines provided with 
damper windings. The importance of 
this problem arises principally in con- 
nection with generators that are loaded 
fully with six-phase rectifiers and is of 
much less importance with 12-phase 
rectifiers. Conversely, the problem is of 
negligible importance for rectifiers of 
more than 12 phases and for conditions 
where the rectifiers are a small part of the 
total load. A favorable circumstance in 
the generator heating problem arises from 
the fact that usually the rectifier load is 
of higher power factor, 90 to 95 per cent, 
than generator rating, 80 per cent power 
factor. This condition reduces excitation 
loss and thus provides a margin for in- 
creased loss from harmonic currents. 


Heating of Capacitors 


Commercial capacitors are designed to 
carry in addition to the rated kilovolt- 
amperes at fundamental frequency, 35 
per cent additional kilovolt-amperes to 
provide for overvoltage at fundamental 
frequency or for harmonics. The total 
kilovolt-amperes of 135 per cent of rating 
may be made up of fundamental and har- 
monic kilovolt-amperes added  arith- 
metically. Thus, a capacitor will with- 
stand 105 per cent voltage of funda- 
mental frequency and 112 per cent cur- 
rent of fifth-harmonic frequency. The 
designs further assume that the average 
fundamental-frequency voltage will not 
exceed 105 per cent normal and that the 
short-time magnitude will not exceed 110 
per cent. If capacitors are applied cor- 
rectly with respect to fundamental- 
frequency voltages, the heating limita- 
tions will rarely be encountered unless 
the supply is subjected to very abnormal 
harmonic conditions which arise princi- 
pally as a result of resonant conditions. 


Wave Shape 


Harmonics in supply circuits which 
parallel communication circuits may give 
rise to important noise-frequency co- 
ordination problems. These problems 
have been studied extensively by the 
Joint Co-ordination Committees of the 
Edison Electric Institute and the Bell 
Telephone System. One result of this 
work has been to set up two factors 
which take into account the over-all in- - 
fluence characteristic of a power-supply 
circuit from the standpoint of its tendency 
to produce noise in an adjacent tele- 
phone circuit. Because of the different 
effects of electric (electrostatic) and 
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ne for current and the other for 
ese factors as applied to 
circuits supplying rectifiers are 


- 4 represents the rms balanced cur- 
rent and KV, the rms voltage in kilo- 
volts between line terminals of the three- 


(telephone influence factor), is a 
or which gives the relative weighting 
of the various harmonic frequencies of a 
power system from the standpoint of their 
tendency to produce noise in an adjacent 
f telephone circuit. Two different fre- 
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Figure 1. Effect of number of rectifier phases 
on relative current T/F 


Based on 60-cycle supply and 1935 frequency- 
weighting curve 
Actual current T/F=(relative current TIF)K’ 


where 
i 

Kt=— 
Rlac 

!=D-c load current per secondary phase 
group 


lac= Alternating current on primary side of 
transformer, rms value 

R=Transformer ratio, primary to secondary 
line-to-neutral voltages 

Insert: Replot of principal curvesto smaller scale 


quency-weighting curves are commonly 
used in rectifier studies, namely, the 
19354 and the 19415 frequency-weighting 
curves.* The difference in weighting 
results from different characteristics of 
the telephone circuit including terminal 
Oe EEE 
* In addition, there is the 1919 frequency-weight- 
ng curve that remains in use for machine wave- 
shape guarantees. The 1919 curve is associated 
with the term ‘“‘telephone interference factor,” the 
1935 and the 1941 curves are associated with the 


term ‘“‘telephone influence factor;’’ both terms 
have the same abbreviation of TIF. 
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duction, separate factors are so equipment. The principal change in the 


1941 weighting from the 1935 weighting 


results from the substantial elimination 


in the later telephone receivers of a 
resonant point in the vicinity of 1100 


cycles. At the present time both types 


of telephone receivers are in service and 
both types of frequency-weighting factors 
are used in co-ordination studies. While 
the 1941 frequency-weighting curve is 
expected to supersede the 1935 curve, 
time is required for the transition, and 
this has been delayed further because of 
the war. The shape of the 1941 frequency- 
weighting curve has been established, but 
its arbitrary scale has been delayed in 
order to determine for it a numerical 
value of the same importance as the 
1935 curve. For present purposes the 
comparisons, based on the relative shapes 
of these frequency-weighting curves, are 
sufficient. 

An investigation, which is reported in 
the present paper, was undertaken to 
determine the relative influence of the 
number of rectifier phases on the induc- 
tive co-ordination problem, particularly 
for a number of phases beyond 12. Ac- 
cordingly, calculations of the relative 
current TJF and relative voltage TIF 
for different numbers of rectifier phases 
from 6 to 72 were made by the method 
previously described. These calculations 
assume 


1. Both 60- and 25-cycle supply. 


2. Load and circuit conditions, represented 
by J the direct current per secondary phase 


group, X the commutating reactance in 


secondary terms, and E, the crest value of 
anode-to-neutral voltage of the transformer 
secondary winding, of such values as to give 
a ratio of IX /E, equal to 0.081, correspond- 
ing to an angle of overlap of 25 degrees. 


In addition to the principal curves, 
which are based on no voltage reduction 
by phase control, that is, a phase-control 
ratio of one (PCR = 1.00), some results 
of calculations are given for a phase- 
control ratio of 0.85 (PCR = 0.85). The 
results of these calculations are plotted in 
the curves of Figures 1 through 6. Fig- 
ures 1 and 2 give the curves of relative 
current—TIF for 60-cycle supply based 
on the 1935 and 1941 frequency-weighting 
curves, respectively. Figures 3 and 4 
give the corresponding curves of relative 
voltage—TIF, respectively. Figures 5 
and 6 give the corresponding curves of 
relative current—T/F for 25-cycle sup- 
ply. Examination of the curves of Fig- 
ures 1 through 6 shows important re- 
ductions in both the curves of relative 
current—TI/F and voltage—TIF as the 
number of rectifier phases is increased. 
However, because of the high peak in 


Evans—Harmonics and Load Balance 


the 1935 frequency-weighting curve in 
the vicinity of 1,100 cycles, the 18- 
phase rectifier with a 60-cycle supply 
and a 36- or 42-phase rectifier on a 25- 
cycle supply are less favorable than the 
next smaller number of rectifier phases. 
Because of these circumstances, it has 
been considered generally undesirable to 
use 18-phase rectifiers on 60 cycles and 
36 or 42 phases on 25-cycle systems. 
However, the 1941 frequency-weighting 
curve does not have this sharp resonant 
point and there is a gain in increasing the 
number of phases throughout the prac- 
tical range of rectifier application. 


Effects of Supply-System Harmonics 
and Rectifier Load Balance and 
Their Interrelation 


Harmonics in the supply system may 
have important effects on rectifier opera- 
tion, particularly in producing un- 
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Figure 2. Effect of number of rectifier phases 
on relative-current TIF 


Based on 60-cycle supply and 1941 frequency- 
weighting curve 


Insert: Replot of principal curvesto smaller scale 


balance in current between the various 
phase groups. Unbalancing load be- 
tween phase groups also has an important 
effect on supply-system harmonics. Be- 
cause of this interrelation between har- 
monics in the supply and load balance, 
it is convenient to consider the subject 
in three parts: 


1. An infinite source with load unbalance. 


2. An infinite source with harmonic volt- 
ages. 


Transactions 183 


3. A finite source with two or more recti- 
fiers, such that the harmonics from one af- 
fect the voltage applied to another. 


INFINITE Source WitrH Loap 
UNBALANCE 


If one six-phase unit of a multiphase 
rectifier* is removed from service, the 
harmonic currents in the supply are 
affected importantly, as pointed out 
previously. This unbalanced condition 
may be analyzed by the addition of 


1. A fictitious six-phase load of such mag- 
nitude and phase relation when added to the 
actual loads as to provide a balanced multi- 
phase rectifier. 


2. <A second fictitious load, the negative of 
the first. 


all ines 
UNGIMGOEESaRe 
peta] Vee ste 
ee 


\L- pcr=0.85, u=9.1° 


RELATIVE VOLTAGE TIF 
b 
o 


PCR=1.00; 
u=25° 


BS 
0 SSE 


° 12 24 36 48 60 ve 
NUMBER OF RECTIFIER PHASES 


Figure 3. Effect of number of rectifier phases 
on relative voltage TIF 


Based on 60-cycle supply and 1935 fre- 
quency-weighting curve T/F=(relative volt- 
age TIF)K” 

where 

kr (per cent X) 

Rlac 

!=D-c load current per secondary phase 
group 

Per cent X=Transfer reactance in per cent, 
based on rated d-c kilowatts 

R=Transformer ratio, primary to secondary 
line-to-neutral voltages 

lac= Alternating current on primary side of 
transformer, rms value 


Thus, this combination can be analyzed as 


1. A multiphase rectifier of balanced posi- 
tive load corresponding to the original num- 
ber of phases. 


2. A six-phase rectifier of negative load. 


Both of the rectifier loads may be ana- 
lyzed by the aid of the method previously 
described. The curves of Figures 1, 2, 
5, and 6 also include some data giving the 
relative current telephone interference 
factor for a six-phase unit out of service 
in a multiphase rectifier. For conven- 
ience the curves have been plotted for a 
six-phase unit out of service with a cur- 


* The term multiphase rectifier is used in this paper 
to mean rectifiers of more than six phases. 
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rent magnitude equal to that proportion 
of the totalload. Actually, the harmonic 
currents should be increased because of 
the lower ratio of [X/E, that applies for 
such a condition.® 


INFINITE SOURCE WITH HARMONIC 
VOLTAGES 


The effect of harmonic voltages in a 
source, particularly at the lower-harmonic 
frequencies, is to increase or decrease 
during the conducting period the average 
voltage applied to the various phase 
groups. The practical result of this 
action is to unbalance the currents be- 
tween the various phase groups. The 
phase position of the harmonic with re- 
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Figure 4. Effect of number of rectifier phases 
on relative voltage TIF 


Based on 60-cycle supply and 1941 frequency- 
weighting curve 


spect to the fundamental is different for 
different phase groups derived by trans- 
formers from the same supply voltage. 
In considering the relative phase position 
of the harmonic voltage of a phase group 
with respect to its fundamental-frequency 
voltage, it is necessary to consider not 
only the higher frequency of the harmonic 
but also the difference in symmetrical- 
component phase sequence. It has been 
shown,® for the condition in which the 
crest of the harmonic voltage bears the 
same relation to the crest of the funda- 
mental in each phase, and the sequence 
of the fundamental is positive, that the 
harmonics of order (8m + 1) are of posi- 
tive sequence and of order (38m — 1) are 
negative sequence, where m is any in- 
teger. Thus, the 5th, 11th, and so forth, 
harmonics are of negative sequence, and 
the 7th, 13th, and so forth, harmonics are 
of positive sequence. The effect of har- 
monics on the average d-c voltage of a 
phase group can be understood more 
readily by reference to the diagram of 
Figure 7. If harmonics in the supply are 
such as to produce fifth-harmonic volt- 
age applied to one rectifier phase group, 
as shown by the solid line curve of Figure 
7, the effect is to decrease the average 


Evans—Harmonics and Load Balance 


value of voltage on that phase group dur- 
ing the conducting period. If a second 
phase group is displaced 30 electrical 
degrees at fundamental frequency from 
the first phase group, as in a 12-phase 
rectifier, the phase relation of the fifth 
harmonic to the fundamental in the 
second phase group is displaced 180 
degrees from the phase position of the 
fifth harmonic with respect to the funda- 
mental in the first phase group. This 
circumstance results from the fact that 
the phase relation of the fundamental is 
shifted 30 electrical degrees in one direc- 
tion while the fifth harmonic, being of 
negative sequence, is shifted five times 
30 electrical degrees in the opposite direc- 
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Figure 5. Effect of number of rectifier phases 
on relative current TIF 


Based on 925-cycle supply and 1935 fre- 
quency-weighting curve 
Actual current T/F=(relative current TIF)K’ 
(see Figure 1 for K’) 


tion. Thus, if the fifth-harmonic voltage 
in the supply tends to decrease the aver- 
age voltage of one phase group, it tends 
to increase the average voltage of the 
other phase group in the 12-phase recti- 
fler. 

If the harmonic voltage in the supply 
to a multiphase rectifier is shifted with 
respect to the fundamental, the harmonics 
in the secondary phase groups are shifted 
with respect to the fundamental, and the 
effects on load unbalance are altered. It 
is possible, therefore, that one trans- 
former connection will be better from the 
standpoint of current balance than an- 
other, if harmonics of definite phase posi- 
tion with respect to the fundamental 
exist in the supply. In general, however, 
the phase position of the harmonic with 
respect to the fundamental will change 
at the rectifier location, and as a conse- 
quence there is little practical advantage 
in one transformer connection over an- 
other from the standpoint of current 
balance. The maximum effect of un- 
balancing between phase groups may be 
encountered in a 12-phase rectifier if 
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P * 
—-—s, 


¢ & ee 


ny soi 
nfth harmonics of appropriate phase 


‘relation exist in the power source. If 


‘rectifiers of more than 12 phases are sup- 
plied from a source with a fifth-harmonic 
voltage, the various rectifier units will 
carry loads between the two extremes 
for maximum load unbalance. 

The maximum unbalance between dis- 
placed rectifier phase groups that can 
result from a fifth harmonic in the supply 
can be estimated from the equation: 


20 (per cent E;) 


Soperncent J,,.— - 
per cent regulation 
where 


Zyn=the unbalance current per rectifier in 
per cent of normal current per phase 
group 
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Figure 6. Effect of number of rectifier phases 
on relative current T/F 


Based on 25-cycle supply and 1941 fre- 
quency-weighting curve 


per cent £;=the fifth harmonic voltage in 
supply in per cent of fundamental 


per cent regulation =the regulation of recti- 
fier and transformer but not of common 
supply to the various phase groups, in 
per cent 


Thus, the unbalanced current in per cent 
is two to five times the per cent fifth- 
harmonic voltage per cent in the source 
for the usual regulation conditions of from 
eight to four per cent. 

The effect of a seventh harmonic in the 
supply is quite similar to that of a fifth 
harmonic. However, the seventh har- 
monic is usually of smaller magnitude 
and, therefore, has smaller effect on load 
balance. Furthermore, a greater mag- 
nitude of the seventh harmonic is re- 
quired to produce the same amount of 
unbalance, because the uncompensated 
part of a shorter half-cycle of the har- 
monic must be averaged over the same 
conducting period. 

Several years ago an analysis was made 
of a case where load unbalance was ob- 
served on a 12-phase, 3,000-kw rectifier. 
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“Sad 


In this particular installation, four sepa- 
rate multianode tanks were supplied by a 
quadruple-zigzag 12-phase transformer 
connection, Harmonics in the supply 
voltage, both as to magnitude and phase 
position with respect to the fundamental, 
and the difference in regulation of the 
different phase groups were measured and 
the results compared with tests. The 


calculations based on the foregoing 


analysis indicated correctly which phase 
group should carry the heavier load. 
The magnitudes of the fifth-harmonic 
voltage and the unbalanced current are 
given in Table I. 

The calculations were made from har- 
monic analyses of polar oscillograms of 
the supply-voltage wave, which gave 
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Figure 7. Diagram showing phase position of 

fifth harmonic to fundamental-frequency volt- 

ages for (A) maximum and (B) zero load un- 

balance of rectifier groups in 12-phase con- 
nection 


both magnitude and phase position of the 
fifth harmonic with respect to the funda- 
mental. For test 2, the phase position 
of the fifth-harmonic voltage was within 
four fundamental degrees of that posi- 
tion which theoretically should give the 
maximum unbalance for that magnitude 
of harmonic voltage. 


FINITE SOURCE WITH UNBALANCED REC- 
TIFIER LOADS AND HARMONICS 


When multiphase rectifiers are oper- 
ated from a supply system of negligible 
reactance, the unbalanced load resulting 
from the disconnection of one six-phase 
unit produces harmonic currents through 
the source corresponding to the fictitious 
negative six-phase load as previously 
pointed out. However, the outage of one 
six-phase unit does not affect the opera- 
tion of the other six-phase units for the 
case of an infinite source. Consider now 
the case with a finite source. The effect 
of the harmonic current from the fictitious 
negative six-phase load corresponding to 
one unit out of service produces a har- 
monic voltage drop impressed on the 
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other units which may be connected in 
parallel with the one that has been re- 
moved from service, Several effects 
may be noted. One effect of the har- 
monic impedance through the source is 
to divert part of the fictitious load cur- 
rent from the source to the other rectifier 
units. The effect may be viewed as 
being produced by the negative harmonic- 
voltage drops impressed on the remaining 
six-phase rectifier units as a consequence 
of the fictitious negative load. The re-° 
sult in any case is to reduce the harmonic 
currents flowing through the source to an 
amount that is less than would be ex- 
pected from the greater equivalent re- 
actance of the rectifier and supply 
system.§ 


Table |. Effects of Fifth-Harmonic Voltage 
on Rectifier Load Balance 
Unbalanced Current 
Fifth Per Phase Group—Per Cent 
Harmonic 

Test Voltage Calculated* Measured 

eee iare te Set mene AGO aes o> 2 (Oech tO TO) 

ae eRe geet 6 Wa Ee Seb Aei8)5| Otevansusr 6 +6.2 


* From harmonic analysis of voltage wave. 


From a practical standpoint the effect 
of these unbalances may be very impor- 
tant if they were allowed to exist. Thus, 
a 15 per cent fifth-harmonic voltage may 
produce sufficient unbalancing effect as 
to substantially remove the load from 
one six-phase unit and to nearly double 
the load on another. However, such 
conditions would normally not be allowed 
to remain because the voltage on the most 
heavily loaded six-phase unit would be 
reduced by phase control. This would 
have the effect of more nearly balancing 
the loads of the several six-phase units. 
The unbalancing effect, however, may be 
important if the momentary currents 
exceed breaker settings. 

The effect of a unit out of service on a 
multiphase rectifier is, of course, to in- 
crease the wave-shape distortion of the 
supply and to increase the load un- 
balances. The results vary for the 
particular systems depending upon 
the number of units and reactance of the 
individual units and the reactance of the 
supply system at the harmonic frequency. 
The range of conditions is so great that it 
is scarcely practicable to generalize on the 
results that may be obtained. Reference, 
however, may be made to Marti and 
Taylor® and to the work of the Joint 
Subcommittee on Development and Re- 
search, Edison Electric Institute and 
Bell Telephone System, which has given 
considerable attention to this problem.”~* 
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They show that the increase in the J-T 
products for 30- and 60-phase rectifiers 
with a unit out of service varies from 
three to five times these factors for normal 
balanced conditions. Because of this, 
there is little advantage in using more 
than, say, 36 phases, unless the total 
rectifier load is large, or unless the possi- 
bility of resonance in the supply in the 
vicinity of 36th harmonic is anticipated. 


Resonance in the Supply System 


The harmonics produced by rectifier 
operation are of much greater importance 
if the supply system is resonant for one of 
the rectifier harmonics, the lower fre- 
quencies being more likely to be impor- 


Table Il. Harmonics Present for Rectifiers of 
Various Phases 


_ Har- 6- 12- 18- 24- 


monic Phase Phase Phase Phase 

Bees x 
Fixer ap x 

itp Wee Pe Xe eee 

jb ie eth ie posts ik 3 x 

Dy ee ES aun en a au stotanarn salts x 

UO Rak ok Kas whe weretatewiee s 6 x 

Ce ee ee > PT > eT eee eee x 

wie’ were GS os son se one KN SEeS syeR ic wows Oe aearary x 

29 ees 6 hiare x 

=f ets x 

Sey hele, sks ae SY cragehele « 2.8 A x 

Si aumss ces Xavier ees oko ¥ 

WE a eycie ls Bien x 

a x 

A Titec < > TT ae Ks, Srotk ors rites Smite wave x 

Ue seas Xe Age Korea she stants = eats x 


tant from the standpoint of effect on ap- 
paratus and higher frequencies from the 
standpoint of inductive co-ordination. 


The harmonics that may be impressed 
upon the supply system for 6-, 12-, 18-, 
and 24-phase rectifiers under balanced 
conditions are shown in Table II for har- 
monics as far as the 49th. The number 
of frequencies of 49th harmonic and 
below that may be present for balanced 
operation are 16 for 6-phase, 8 for 12- 
phase, 4 for 18-phase, and 4 for 24-phase 
rectifiers. Thus, there is much less 
chance of resonance for rectifiers of the 
larger number of phases. However, if 
a six-phase unit is out of service, the 
harmonics that may be present are the 
same as for the six-phase rectifier, al- 
though the magnitudes are lower than for 
full six-phase operation. From the stand- 
point of chance for resonance when one 
unit is out of service, there is a difference 
between two 24-phase rectifiers if one is 
made up of four six-phase units or two 
12-phase units. 
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Frequently capacitors are used in con- 
junction with large industrial rectifiers 
supplied over long transmission lines for 
the purpose of increasing voltage level, 
thus increasing the load power factor and 
the amount of power that can be handled. 
These capacitors may increase the oppor- 
tunity for producing resonance, particu- 
larly at the time when a rectifier unit is 
out of service. Consequently, special 
attention should be paid to the harmonic 
problem for installations involving multi- 
phase rectifiers and capacitors. 


Capacitors 


In themselves capacitors generate no 
harmonic voltages, but they affect har- 


Table III. Typical Preferred Minimum Kilowatt Rating for Multiphase 600-Volt Rectifiers* 


the capacitor of such value as to tune in 
series resonance for the desired frequency. — 
Thus a reactance of four per cent at fun- 
damental frequency on the capacitor- 
bank rating is required for series reso- 
nance with the entire bank at fifth-har- 
monic frequency. Such a reactor will 
increase by four per cent the fundamental- 
frequency voltage impressed across the 
capacitor, a circumstance that should re- 
ceive consideration in the design and 
application of the capacitor. To make 
the shunt capacitor operate as an open 
circuit. to a particular harmonic fre- 
quency, the capacitor may be divided 
into two parts with a reactor of appro-— 
priate value placed in series with one of 
them. Thus for a parallel-resonant com- _ 


————— 


Minimum Preferred Rating—(Kilowatts) 


Total Number of Phases 


Rectifier Units 6 12 18 24 30 36 42 
1,500 kw— 6anodes......... 1,500....3,000 2: ..4,500....6,000 - 7500 2 229, 000 ae. 2 10,500) 
3,000 kw—12 anodes......... 3,000... .3,000**....9,000... .6,000**. . . . 15,000... .9,000**. .. .21,000 


* Based on 6-phase transformers and phase shifters for the larger number of phases. 


** Based on 12-phase transformers and phase shifters for the larger number of phases. 


monic voltages and currents from other 
sources only because of the relation of 
their harmonic reactance to that of the 
connected system. Large capacitors on 
the supply side of rectifier transformers 
tend to provide a short-circuit path for 
the higher harmonics incidental to recti- 
fier operation. For the lower-frequency 
rectifier harmonics, large capacitors may 
form a resonant path with the source 
which may result in larger harmonic cur- 
rents in the source and in the capacitor 
than in the rectifier transformers them- 
selves. Increasing capacitor kilovolt- 
amperes beyond a certain value at a rec- 
tifier location will decrease voltage tele- 
phone interference factor. This is an 
effect with capacitors and harmonics 
from rectifiers that is analogous to that 
pointed out by Feaster and Harder! for 
the case of capacitors and harmonics from 
transformer magnetizing current. 

Depending upon conditions, it may be 
theoretically desirable to modify the har- 
monic-impedance characteristic of a shunt 
capacitor so as to make it 


1. Provide a short-circuit path for har- 
monics originating in the rectifier. 


2. Provide an open-circuit path to a par- 
ticular harmonic originating in the system. 


The short-circuit path can be obtained by 
adding a reactance in series relation with 
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bination at the fifth-harmonic frequency, 
a reactor of 16 per cent at fundamental 
frequency on the bank rating would be 
required for connection in series with one 
half of the capacitor bank. This reactor 
would increase the fundamental-fre- 
quency voltage applied to that section 
of the capacitor by eight per cent. 

Where large capacitors are connected 
in parallel with large multiphase recti- 
fiers supplied by transmission systems, 
it is particularly desirable to give careful 
consideration to the harmonic problem. 
The effects for the lower frequencies 
should be studied analytically, and by 
field tests which should give, if possible, 
the magnitude of the fifth-harmonic volt- 
age in the supply and the harmonic- 
frequency impedances. With this in- 
formation available, the capacitor ap- 
plication should be studied to determine 
what characteristic at harmonic fre- 
quency should be employed. It appears 
possible but unlikely that in a few in- 
stallations the subdividing of the capaci- 
tor into sections tuned for various fre- 
quencies will be found desirable. 


If the capacitor is supplied through a - 
transformer (or autotransformer) and 
connected to the bus which supplies rec- 
tifier transformers, the effect is equiva- 
lent to putting a reactor in series with 
the capacitor and thus to tune it for 
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rect phases for large loads, 
e oo service, are listed 
ch is based on the use of 
6 Pace and 3, ,000-kw 12-anode 
es. ‘The -3,000-kw unit is, of 
1 ore economical than the smaller 
and should be used where total load, 
re capacity, and similar considerations 


industrial applications using smaller 
ngs, fewer anodes are required, and 
it becomes correspondingly more expen- 
sive to provide many phases. The possi- 
ble combinations depend upon the load 
to be carried, the requirements for spare 
capacity, and the additional expense that 
may be justified for additional anodes. 
Table IV has been prepared to indicate 
the range and characteristics of combi- 
nations for various loads and number of 
phases. In some cases combinations 
with different number of transformers 
are listed for a particular rating. Since 
the cost of the installation will increase 
with the number of transformers, Table 
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IW Be dune ifor Narlous faade 
, and uNumbet of maces 


a No. of Transformers 


tifier Rating (Kilowatts) 6- 12. 24- 


0-700 Volt Class Phase Phase Phase 
Sr sie sds, x 1 
Foe trina Cena a 1 
Bran ein Gs: kv 1 
ME RR A Ceca. Ua, telly 
Seas, ea lle BR ee Su 
5,000 Cao, HO ee 1*-2 3h 
GOGO. os ha SNe | ee 1*-2 ge 


x io chess operation by the use of one quadruple- 
zigzag transformer. 


** 24-phase operation by the use of two quadruple- 
zigzag transformers and phase-shifting transformer. 


IV also gives an order of preference for 


the various combinations from the oper- 


ating point of view aside from wave 
shape. 


Summary 


The harmonic and load-balance char- 
acteristics of rectifiers and their com- 
plicated interrelations have been ana- 
lyzed. The effect of source harmonics 
on rectifier load balance has been shown. 
Curves giving the effect of a wide range 
of rectifier phases on wave-shape dis- 
tortion have been presented. The fac- 
tors which should receive consideration 
in the selection of the number of rectifier 
phases have been outlined. 
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A Vertical-Flow Compressed-Air Circuit 
Breaker and Its Application on a 132-Kv 


Power System 


H. A. P. LANGSTAFF 


MEMBER AIEE 


Synopsis: The compressed-air circuit 
breaker for indoor power-house service is 
becoming very popular. However, its use 
for high-voltage outdoor service is still in 
the field-trial stage. Several high-voltage 
porcelain-clad circuit breakers of American 
design are now in service, and their perform- 
ance is being watched carefully. A 138-kv 
1,500,000-kva three-pole breaker has been 
installed at the Kittanning substation of the 
West Penn Power Company. Before instal- 
lation its interrupting ability was checked 
to 5,900 amperes with full 182 kv on a 
single-pole unit and on a circuit with a 
transient recovery rate of 3,100 volts per 
microsecond. The mechanical operation 
was tested with the breaker in a heavily 
iced condition at —14 degrees Fahrenheit. 
The air-supply system was tested at —4 de- 
grees Fahrenheit, and both were found to 
operate satisfactorily. 

The breaker was installed on the most 
active line of the West Penn Power Com- 
pany system. During the three months 
following its installation it had 41 opera- 
tions, five of which were on faults. Its 
operation to date has been satisfactory in 
every detail, and it is hoped that this new 
device will meet operating requirements and 
reduce materially the time outage for servic- 
ing such apparatus. 


I. Introduction 


HE circuit-breaker art, almost from 

the time of its beginning, has depended 
upon the use of oil as an interrupting 
medium. Its use has permitted this 
country to develop a power system whose 
expanse and kilovolt-ampere concentra- 
tions are equaled no other place in the 
world. However, during the past four 
years, the interest in and the acceptance 
of compressed air as an interrupting me- 
dium has increased at an accelerating pace. 

A new type of compressed-air circuit 
breaker for powerhouse indoor service, 
utilizing a transverse blast, has been de- 
veloped to cover the range of kilovolt- 
amperes from 500,000 to 2,500,000.1~3 


Paper 43-51, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 27, 1942; made available for printing 
December 21, 1942. 


H. A. P. LancsrarFr is electrical engineer, electrical 
engineering department, West Penn Power Com- 
pany, Pittsburgh, Pa., and B. P. Baxer is develop- 
ment engineer, switchgear engineering department, 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 
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B. P. BAKER 


MEMBER AIEE 


Possibilities of the high-voltage com- 
pressed-air circuit breaker for outdoor 
service in America have beeti carefully 
considered and found attractive, but the 
advantages and disadvantages could best 
be definitely established by outdoor field 
installation and trial. Therefore, a breaker 
was designed, built, and tested in the 
Westinghouse high-power laboratory’ and 


installed in August at the Kittanning sub- 


station of the West Penn Power Company. 


II. Application 


West Penn Power Company’s 1940 
plans provided for a 132-kv three-bay 


Figure 1A. Single-pole unit of a three-pole 
138-kv 1,500,000-kva compressed-air circuit 
breaker 
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extension to their major switching station 
segregated from the existing structure. 
The use of three oilless breakers to elimi- 
nate fire hazard and reduce the time ele- 
ment for servicing was the objective. 
Such breakers were not available to meet 
the construction schedule. However, it 
was decided that operating experience 
should be obtained with such breakers; 
this resulted in the placing of an order in 
January 1941 for one vertical-flow com- 
pressed-air three-pole fully automatic 
1,500,000-kva 138,000-volt breaker 
which was to be installed on a circuit 


ee ea eS a. 


— 2 2 


where the greatest amount of operating - 
experience would be secured which might » 


be representative throughout the system. 
The circuit selected was already controlled 
by an oil circuit breaker equipped with 
impedance networks, provided with car- 
rier line-current relaying and included in 
differential bus protection. The breaker 
specifications, therefore, included capaci- 
tors to replace the impedance networks, 
arrangement for mounting carrier wave 
trap, and double-ratio double-winding 
double-core current transformers. The 
inherent design located the current trans- 
formers on the line side of the breaker 
which therefore left the major portion of 
this breaker connected to the bus and in- 
cluded in differential protection, which 
was considered satisfactory. The design 
is such as to permit future automatic re- 
closing and single-pole operation. 

The circuit controlled extends over a 
30-mile wood-pole line to a switching sta- 
tion where it interconnects with the Penn- 
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Figure 1B. Schematic drawing showing side 
elevation of the breaker in Figure 1A 
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Figure 2A. Compressor house and 1,000 
pounds per square inch storage system 


sylvania Electric Company's system. 
From that point the circuit extends over 43 
miles of wood-pole construction to the 
Keystone system of the West Penn Power 
Company at Ridgway, Pa.; thence again 
over 38 miles of transmission line, where 
it extends and interconnects at Warren, 
Pa., with the Pennsylvania Electric 
Company’s system. 

The application of this breaker is gen- 
erally in line with recommendations of the 
action of January 27, 1941 of the Joint 
Committee of the Edison Electric Insti- 
tute, Associated Edison Illuminating 
Companies, and the National Electrical 
Manufacturers Association, which was 
later followed and agreed upon in their 
October 24, 1941 decision, recommending 
field service installations on a selected set 
of ratings. This development holds prom- 
ise of effecting savings in critical materials. 


III. Description 


Figure 1 shows both a picture and a 
schematic diagram of a single-pole unit 
of the 138-kv breaker. The air-storage 
reservoir is mounted in a simple frame 
which also houses the blast valve and the 

. valves which control air for opening and 
closing the breaker. 

At one end of the frame is mounted a 
porcelain clad Inerteen-filled wound-pri- 
mary current transformer. The double 
secondary, double winding, and double 
core provide for bus differential protection 
and standard line protection, using only 
one transformer unit per phase. The 
transformer forms one line terminal of the 
breaker and supports the stationary con- 
tact of the isolating switch. At the other 
end of the frame are mounted three tubu- 
lar porcelains which provide insulation to 
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Figure 2B. Compressors and driving motors 
mounted on the left side of the center aisle 
of the compressor house 


ground and form a tripod support for the 
pole-unit mechanism. One of these por- 
celains carries the air blast; the other two 
carry air for opening and closing the con- 
tacts respectively. 

The pole-unit mechanism consists es- 
sentially of two simple cylinders and pis- 
tons. The one mounted vertically oper- 
ates the arcing contact within the inter- 
rupting device, and the other mounted at 
an angle operates the isolating switch. 
Both are very fast and pneumatically 
interlocked, so that the circuit is always 
opened on the arcing contact and closed 
on the isolating switch. 

The double-orifice vertical-flow inter- 
rupting element described fully in an- 
other paper® is supported by the pole- 


Figure 2C. 
governors mounted on the right wall of the 
compressor house 


Motor controls and pressure 


unit-mechanism housing between two 
identical porcelain columns. 

With the breaker in the closed position, 
the circuit is complete from the top of the 
upper interrupter porcelain through the 
interrupter, the pole-unit mechanism, the 
isolating switch, and current transformer. 

Bleeder valves are provided to allow a 
continuous trickle of dry air through all 
three porcelain columns, thereby pre- 
venting breathing and keeping their inner 
surfaces in better operating condition. 


Table |. Interrupting Tests on a Single-Pole Unit of a Three-Pole 138-Kv 1,500,000-Kva 
Compressed-Air Circuit Breaker 


Tests June 5, 1942, at the East Pittsburgh High-Power Laboratory. Witnessed by Engi- 


Reservoir Circuit- 
Pressure Transient Fre- 

Applied Recovery Amperes (Pounds Recovery quency Type 
Voltage Voltage Inter- Amperes Per Arcing Rate Cycles of 
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* Oscillograms shown in Figure 4. 
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+ Oscillogram shown in Figure 5. 
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The three poles are mounted separately 
and are mechanically independent but are 
simultaneously electrically controlled from 
a single housing which contains all re- 


lays, gauges, and so forth. Their opera- 
tion is synchronized to within a cycle, and 
they may be converted easily to provide 
high-speed reclosing for either segregated 
or three-pole service. All control wiring is 
enclosed within the tank enclosure and 
supporting structure. 

Figure 2 shows the air-supply system 
which consists of an insulated heated 
house containing two 1,000-pounds-per- 
square-inch compressors separately driven 
and operated independently or in paral- 
lel, each feeding through separate coolers 
into a battery of five 1.5-cubic-foot 
storage bottles. These bottles are con- 
nected through another cooler to a 
second battery of five bottles. All are 
used as storage capacity at 1,000 
pounds per square inch from which air is 
supplied through a_ pressure-reducing 
valve to the breaker reservoirs where it 
is stored at 350 pounds per square inch. 
By compressing air to 1,000 pounds per 
square inch, cooling, and then expanding 
to 350 pounds per square inch, air suffi- 
ciently dry for satisfactory operation of 
the breaker is secured. Preparations are 
being made to measure periodically the 
moisture content of the air under varying 
atmospheric conditions. 

The air-supply unit is mounted adjacent 
to the breaker, as shown in Figure 3, and 
connected by means of a one-inch copper 
air line to the middle pole unit from where 
it distributes through the respective con- 
trol valves to each of the two outer pole 
units. From the central-pole control 
cabinet, air passes through a protective 
valve which is arranged to allow air to 
flow forward freely after the pressure has 
reached a predetermined value, but to 
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Figure 3. A three- 
pole 138-kv 1,500,- 
000-kva com- 
pressed-air 
breaker installation 
at the Kittanning 
substation of the 
West Penn Power 
Company 


limit the flow in the forward direction in 
case it exceeds a predetermined amount, 
which would be the case with a fouled 
valve or burst connection. A check valve 
is also incorporated in this protective 
scheme to guard against a reverse flow 
ofairy | 

Three pressure-responsive switches are 
connected to the common air line to pro- 
vide signals guarding against the function- 
ing of the breaker with insufficient air 
pressure. One switch provides alarm 
when pressure drops below 250 pounds 
per square inch, another opens the closing 
circuit when pressure drops below 240 
pounds per square inch, and the third 
opens the tripping circuit when the pres- 
sure drops below 225 pounds per square 
inch. These switches are so connected in 
the control circuit that, once an operation 
is initiated, it will be completed without 
interference from the pressure switches. 
Settings are such that, if there is sufficient 
pressure to allow closing, there will be 
also sufficient pressure to enable the 
breaker to open immediately in case of a 
fault. 


IV. Factory Tests—Interrupting 
Tests 


One pole of this breaker was tested in 
the Westinghouse high power laboratory‘ 
and witnessed by representatives of the 
West Penn Power Company. Table I 
shows this series of 15 short-circuit tests, 
including both opening and closing-open- 
ing operations with 120 and 88 kv respec- 
tively across the single-pole unit. The 
maximum current interrupted at 120 kv 
was 4,830 amperes, and 7,000 amperes at 
88 kv. There was practically no visible 
disturbance during the opening operation 
of these tests, but a limited amount of 
arcing was noticeable at the final closing 
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circuit-. 


position of the isolating switch. The air 
discharge on opening operations was 


quite noticeable but not at all serious and 
did not increase with the increase of © 


kilovolt-amperes interrupted. After the 
tests, the arcing and isolating contacts 
were all inspected and found to be in ex- 
cellent condition. 

Figure 4 shows three typical oscillo- 
grams of the opening operations. 

Figure 5 shows a typical oscillogram of 
a closing—opening operation. 

Table II shows a series of six opening 
operations with 132 kv across a single 
pole of the 138-kv breaker. The react- 
ance of the circuit was adjusted to give 
4,800 amperes with a circuit transient 
recovery rate of 2,800 volts per micro- 
second. The pressure in the reservoir was 
decreased after the first two tests, so that 
on the last test 4,400 amperes were inter- 
rupted with 225 pounds per square inch. 

Figure 6 shows the magnetic and cath- 
ode-ray oscillograms of a single-pole unit 
interrupting 5,900 amperes with full 132 
kv applied to its terminals. The circuit 
transient recovery rate was 3,100 volts 
per microsecond. The arcing time was 1.2 
cycles. 

These tests have not extended the 
limits of kilovolt-amperes interrupted on 
this type of interrupter.» However, they 
were made to demonstrate the adequacy 
of this breaker for 138-kv 1,500,000-kva 
service. 


V. Mechanical Tests 


The high-pressure air system was tested 
at 2,000 pounds per square inch, and the 
low pressure reservoirs at 800 pounds per 
square inch. The storage tanks met the 
state safety code and inspection require- 
ments and carried their approval before 
assembly in the breaker. 

At 350 pounds per square inch, the 
closing time for the isolating switch is 
approximately one-fourth second. The 


Tablell. Interrupting Tests With 132-Kv Initial 

Voltage, 60 Cycles, Applied to a Single- 

Pole Unit of a Three-Pole 138-Kv 1,500,000- 
Kva Compressed-Air Circuit Breaker 
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Figure 4. 


Currents and voltages—rms (AIEE Standards) 
A. Fault current 


1,410 amperes; recovery 
voltage 114 kv 

B. Fault current 4,830 amperes; recovery 
voltage 109 ky 

C. Fault current 6,750 amperes; recovery 


voltage 82 ky 


three isolating switches reach the closed 
position within one cycle of each other. 
The time from rise of blast-coil current to 
parting of the arcing contacts is approxi- 
mately six cycles. The three arcing con- 
tacts part within 0.6 cycle of each other. 
The spread is increased 0.1 cycle as the 


operating pressure is decreased to 270 


pounds per square inch. The open 
a closing—opening operation increases the 
spread between the arcing contacts by 


another one- or two-tenths cycle. 


VI. Low-Temperature Tests 


The operation of the air-supply system 
at low checked by 


placing it in a cold room with subzero 


temperatures was 


temperature and operating it periodically 
for several days. Air was supplied to the 
compressor from outside the cold room, 
so that moist summer air at 85 degrees 
Fahrenheit was being compressed. The 
connection necessitated leaving ajar the 
door of the compressor cubicle; as aresult, 
the temperature in the compressor cubicle 
reached 16 degrees Fahrenheit when the 
cold room temperature was —4 degrees 
Fahrenheit. At the end of the test, the 
air in the storage system was discharged 
valve, 


through the pressure-reducing 
with no tendency to foul its operation. 
Everything functioned normally except 


a check valve in a cooler, which failed 
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Magnetic oscillograms from Table | 


several times to prevent pressure from 
This 


produced no evidence of trouble and was 


getting back to the compressor. 
detected only by opening the drain valve 
on the compressor. 


Figure 7 shows a single-pole unit of 
this breaker iced in a cold room at —14 
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Figure 6. Cathode-ray and magnetic oscillo- 
gram of a single-pole 138-kv breaker operating 
with 132 kv across its terminals 


Fault current 5,900 amperes; applied voltage 
132 ky; circuit transient recovery rate 3,100 
volts per microsecond 
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Figure 5. Magnetic oscillogram from Table | 


degrees Fahrenheit. The tests at low 
temperatures extended over five days. 
However, in order to check its operation 
under the most severe conditions, the 
compressor was placed outside the cold 
room and moist warm summer air was 
pumped directly into the breaker, without 
going through the usual stages of com- 
pressing and then re-expanding in order 


to eliminate the moisture. Warm water 


Figure 7. A single-pole 138-kv compressed- 
air circuit breaker iced for mechanical and 
electrical tests at — 14 degrees Fahrenheit 
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was directed on the guide and packing 
gland through which the disconnecting 
blade slides, while the breaker was 
opened and closed. Thus the valves and 
all operating parts were thoroughly wet- 
ted. The temperature was then dropped 
to —14 degrees Fahrenheit and, by means 
of an intermittent spray, the breaker was 
iced as shown in Figure 7. 

Upon energizing the opening valve, the 
operation of the contacts appeared 
normal, and the isolating blade ap- 
parently functioned as though no ice at 
all were present. Its normal average 
’ speed of 24 feet per second was recorded. 

While the breaker was still iced, 1382 kv 
was applied across the insulation ground 
for two minutes. Some corona was ob- 
served on the ends of icicles, but no 
flashover resulted. 


VII. Installation 

The complete breaker was trucked 
about 45 miles to the Kittanning substa- 
tion on July 16, and, after assembly of 
the pole units in the vicinity of its per- 
manent location, the oil breaker was re- 
moved, and within seven days the:air- 
blast breaker was installed, miscellaneous 
changes were made, and it was tested 
and placed in service. Approximately 
1,400 man-hours were spent on the entire 
job. The miscellaneous changes con- 
sisted of removal of the capacitors from 
the breaker assembly, rearrangement of 
controls, fittings, and so forth. The 
mantfacturer’s design met all general 
specifications, but the three capacitors 
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Figure 8. On the 
right is shown an oil 
circuit breaker lo- 


yard, and on the left 
is shown the way in 
which the com- 
pressed-air breaker 
and its accessories 
were arranged after 
the oil breaker was 
removed 


138-KV OIL 
CIRCUIT 
BREAKER 


were relocated and connected to the sta- 
tion bus to provide bus potential for all 
132-kv relaying, synchronizing, and so 
forth. The original capacitor and carrier 
wave-trap installation was retained. Fig- 
ure 8 shows an installation comparison of 
the oil breaker with that of the air-blast 
unit. The latter shows the capacitor with 
one wave trap in place as originally 
planned. All three poles of the breaker 
and the air-compressor unit have been 
installed within the oil-circuit-breaker 
bay, all of which are located on an ele- 
vated concrete platform. 

The complete functioning of the entire 
unit was checked with the following re- 
sults. With the air compressors out of 
service and the air-storage system normal, 
Six opening operations and five closing 
operations were obtained in less than six 
minutes. It is recognized that this se- 
quence should be used only in an emer- 
gency, since the charging of the breaker 
reservoirs from low bottle pressure de- 
creases the effectiveness of the drying 
cycle. However, after operating the 
breaker with improperly dried air, its 
Megger readings had not decreased, and 
the breaker was placed on the 132-kv 
line without evidence of trouble. With 
the high-pressure system disconnected, 
the breaker completed an opening opera- 
tion, followed immediately by a closing— 
opening operation, using air only from 
the pole-unit reservoirs. 

It has not been found convenient to 
make short-circuit tests on the system 
because of the importance of the inter- 
connection and because of the duty to 
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cated in the switch- — 


which the breaker can be subjected being 
limited to about 1,000,000 kva. During 
the three months following its installation 
there was a total of 41 breaker opera- 
tions, five of these being automatic as a 
result of line faults. All of these have 
been faults to ground with current values 
limited to not more than 3,000 amperes. 
All operations have been quite satisfac- 
tory with no noticeable system disturb- 
ance and without evidence of any breaker 
distress. 

Included in the preceding operations 
there have been a number of cases where 
the charging current of the unloaded open 
end line has been interrupted with no 
noticeable disturbance. 

The trickle of air through porcelain 
columns requires about one hour’s opera- 
tion per day for one compressor. A 
rather complete record is being kept of all- 
work pertaining to the breaker, and no 
definite maintenance schedule has been 
formulated as yet. Air-compressor in- 
spection will be governed by actual 
operating hours. 


VIII. Conclusion 

We are quite hopeful that this new de- 
vice will meet operating requirements 
and reduce materially the time outage for 
servicing such apparatus. The West 
Penn Power Company’s future breaker 
purchases will be governed to a large 
extent by the performance of this unit, 
and it is hoped that other utilities may 
benefit and take advantage of this experi- 
mental installation. 
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HE great interest shown recently by 
@ electrical engineers in rural electrifica- 
tion engineering and electroagricultural 
engineering is demonstrated by the fact 


that in the October 1942 issue of ELEc- 


TRICAL ENGINEERING there appeared a 
paper which was entitled ‘New Engineer- 
ing and a New Industry,” presented in 
December 1941 before the American 
Society of Agricultural Engineers. The 
statement made therein that ‘‘before 
1935 there was no rural electrification 
engineering,” which was misinterpreted 
by some readers, was not made to dis- 
credit the work of anyone in electrifying 
farms, but referred to the fact that there 
was no specific branch of engineering that 
could be called “rural electrification en- 
gineering.” In fact, we all consider rural 
electrification engineering as a part of 
distribution engineering in general, and 
the latter is likewise a very young branch 
of engineering. As a matter of fact, very 
few spoke of “rural electrification.”” In 
most of the literature prior to 1935 you 
will find only the term, “rural line ex- 
tension.”” The following statement is 
from the National Resources Committee 
report in ‘‘Technological Trends and 
National Policy,’”’ 1937, page 284: 

“Electric distribution grew as America grew. 
No one could have possibly predicted the 
rapid growth of American cities or American 
industries. During that rapid period of 
growth, any systematic planning of distri- 
bution for several years ahead became out of 
date on short order. Furthermore, during 
the rapid growth of the industry, when 
millions upon millions were spent on genera- 
tion and transmission, practically all the at- 
tention of engineers and manufacturers was 
concentrated on these two fields. The engi- 
neers were so wrapped up in generation and 
transmission that many of them considered 
distribution as too lowbrow to merit their 
attention. Distribution was frequently left 
to the lineman, purchasing agent, and store- 
keeper, and many distribution systems grew 
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up to give the impression of crazy quilts, 
without any apparent logic either in circuit 
sizes, voltages, or locations, and sizes of 
transformers.” 


Distribution engineering really started 
with the introduction of the a-c network. 
Rural electrification engineering is a 
branch of distribution engineering, but 
the very fine engineering developed for 
networks, could not be applied to it. 
Those who had to compute rural circuits 
had to, and, to a great extent, still have 
to, use the methods developed by that 
branch of engineering to which most of 
the engineering brains of the last 30 
years or so has been devoted—transmis- 
sion engineering. Now, when on a trans- 
mission system the short-circuit current, 
the voltage regulation, and the stability 
are computed, the results indicate where 
breakers are needed and what kind, where 
relays are needed and what kind, where 
voltage regulators are needed and what 
kind, where reactors or capacitors are 
needed and what kind. The equipment 
can generally be found in a catalogue, 
and, if you have the money to buy it, 
even if each breaker costs $130,000, it 
can be ordered. You can also assume 
that there will be operators and operating 
engineers, even specialized engineers 
who are qualified to operate and maintain 
the large breakers, the fine relays, the 
elaborate recording and metering devices, 
and so forth. When the same method of 
computation is applied to rural circuits, 
and when the results are obtained, what 
do you have? Probably just a fuse, and 
you hardly have enough money to put in 
a fuse every place you think there should 
be one. And in many cases you may not 
put in a fuse—you will take a chance on 
getting along without it, because it is 
practically impossible to co-ordinate fuses 
as accurately as to co-ordinate relays. 
And you know that there will be no one 
but a lineman to operate and maintain. 
The importance of continuity of service 
for farming may be far more pronounced 
than for domestic use. Previously it took 
two to three weeks to compute the short- 
circuit current of a rural system, and, 
after the computation was all done, most 
of the results could not be used advan- 
tageously, since you had to do the best 
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you could with existing equipment. So 
we first proceeded to reduce the mathe- 
matical analysis to existing conditions, 
with the result that an engineer can now 
do the job in one day. Second, we were 
able to show the manufacturer that a 
good market exists for a good circuit 
breaker for use on rural distribution cir- 
cuits. There was only one on the market, 
but the manufacturer of this breaker had 
vision and kept improving it to meet the 
specific requirements of the primary rural 
circuit, with the result that Rural Elec- 
trification Administration systems alone 
bought over 5,000 such breakers in one 
year, and practically all systems ‘that 
have them report that they are satisfied 
with their performance, because the 
breakers have saved them many extended 
interruptions. Other manufacturers have 
developed small breakers, a few of which 
are already in operation, but the war 
stopped further activity. We will need 
better and cheaper primary circuit 
breakers, both single-phase and three- 
phase, with a greater degree of co-ordinat- 
ing flexibility. Many additional improve- 
ments are still needed to give more per- 
fect co-ordination. This is what we call 
the first chapter of rural electrification 
engineering. It is by no means complete. 
(In electrical engineering we are ac- 
customed to being always a few years 
ahead of the textbook.) 


We consider the work done on telephone 
co-ordination as the second chapter of 
this specific branch of electrical engineer- 
ing. 

The voltage problem which is now in 
the process of study, will probably form 
the third chapter. We have already 
learned a lot that we did not know before, 
and some of it, we hope, will soon be 
ready for presentation to the profession, 
but it is a long and difficult job, and the 
analysis no doubt will bring out the need 
for new equipment. In this whole field 
of engineering there are not enough 
operating data for establishing the foun- 
dation for all future designs based on 
Kelvin’s idea of balancing fixed charges 
against variable charges. The systems 
are too young. But enough data are al- 
ready available to indicate the need for 
changes in equipment design. For in- 
stance, we already know that rural dis- 
tribution transformers should have lower 
core losses. There is hardly any second- 
ary distribution in rural areas; the 
consumers are so far apart that practically 
every one must have an individual trans- 
former. Most of the rural systems use 
purchased energy, and in most cases the 
cost of energy represents a very promi- 
nent item in the total annual charges. 
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This is in general an entirely different 
picture as compared to an urban distri- 
bution system. 


There are innumerable similar items 
of difference. But what has been said 
here will be sufficient to stimulate the 
electrical engineer to devote some time 
to this new specific branch of electrical 
engineering and convince the electric- 
equipment designer that different and 
new equipment is needed for this field. 
The market is now large enough to jus- 
tify these specific studies. For example 
the following are a few things that manu- 
facturers could devote time to develop- 
ing: smaller transformer with very low 
core loss; cheaper, but reliable lightning 
arresters, based on the fact that the short- 
circuit current on rural systems is prac- 
tically never over 1,000 amperes; cheaper 
meters, more rugged, even perhaps at the 
sacrifice of a bit of accuracy; simple, 
cheap, portable instruments to measure 
ground resistance, without bothering too 
much about extreme accuracies; insu- 
lators that will stay put on the pin and 
not give radio interference; portable test- 
ing instruments that are safe and simple 
to operate; a simple portable oil tester 
and filter; new voltage-regulating equip- 
ment will no doubt be needed, but the 
available data are as yet inadequate for 
definite functional specifications. 


There are hundreds of thousands of 
miles of rural circuits, single-phase, Vee 
and three-phase, 7,200 volts, all with 
grounded neutral. Single-phase circuits 
without any neutral at all are in existence 
here and there, the earth serving as the 
return path for the circuit. Each trans- 
former is connected from the phase wire 
to ground. If there should be a break in 
the grounding wire or wires any place be- 
tween the transformer and the ground, 
there would be practically full voltage 
across the break. This is indeed danger- 
ous. But we have not heard of any acci- 
dent resulting from this type of failure. 
A neutral conductor, which is assumed to 
be at ground potential, may be more 
dangerous than a 220-kv line, since ade- 
quate precautions always are taken when 
handling 220kv. But we must know more 
about it, and the only way to find out is 
first to exhaust analytical methods, 
based on reasonable assumptions that are 
again based on experience, and then to do 
a lot of testing. There may be a voltage 
gradient on the surface of the soil from the 
pole out, and it will be necessary to es- 
tablish what that voltage gradient is, 
because 100 volts may killa horse. I am 
not expressing any opinion for or against 
the use of such circuits; I merely want to 
emphasize the importance of ground test- 
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ing on a large scale. Where there is a 
neutral conductor, it may carry only 30 
or 40 per cent of the amperes, the earth 
carrying the rest. And where there are 
amperes, there are volts, and here too 
the voltage gradient should be tested. I 
know of course that such tests need a 
voltmeter and not a ground meter, but, 
if everyone had enough ground meters to 
establish the ground resistance in ad- 
vance, the voltage gradients could almost 
be predetermined by computation. Be- 
sides, what are a few ohms of resistance in 
the life of a young lightning stroke that 
can jump across half a mile of space with 
the greatest of ease? Some tests will have 
to be carried on to determine ground in- 
ductance and capacitance. So you see 
how much engineering there is still to be 
done on the item of grounding alone be- 
fore we are ready to say from an engineer- 
ing viewpoint that we know the character- 
istics of a rural distribution circuit. This 
ought to be enough to satisfy those who 
think that ‘‘rural electrification engineer- 
ing”’ is as old as Benjamin Franklin. 


For supplying electric energy to farms 
in the less sparsely populated territory, 
beyond the economy of line extensions, 
there will be needed small self-contained 
simple rugged generating units, each to 
supply one or severalfarmers. It may be 
possible that plowed-in underground 
cable can be used, or that some other new 
method can be developed for serving a 
group of farms located in an isolated area. 


Constant current primary with con- 
stant potential supply and constant po- 
tential load, as proposed by Percy H. 
Thomas and others, deserves serious con- 
sideration. Further study may prove its 
applicability to many conditions in rural 
areas, and, if it does, new equipment will 
have to be developed for the purpose. 


Conditions in the future will no doubt call 


for underground primary systems, and 
for these conditions a transformer will be 
needed which can be put right in the 
ground without any manholes or boxes. 
Such a transformer already has been 
tried out in Canada, but further develop- 
ment will be needed. 


During the two years from the middle 
of 1940 to the corresponding period of 
1942, joint development work has con- 
tinued between the Rural Electrification 
Administration and the Bell Telephone 
System to determine the practicability of 
providing telephone service to rural com- 
munities by carrier channels superim- 
posed on power distribution lines. Sub- 
stantial progress has been made in solv- 
ing a number of the technical problems 
encountered. Laboratory models have 
been made of apparatus which would-be 


required at subscribers’ locations and tele- 
phone central offices to render this serv- 
ice. Preliminary models also have been 
made of the apparatus which must be 
added to the power line, not only at the 
points where the connections are made to 
the subscribers’ stations and the tele- 
phone central offices, but also at other 
points, in order to provide a satisfactory 
communication channel. 


Considerable work remains to develop 
the apparatus into good commercial form 
and to determine from a field trial the 
answers to the many operating problems 
which would be encountered in rendering 
a service of this type. The status of the 
work recently has been reviewed jointly 
by the Bell Telephone System and the 
Rural Electrification Administration, and 
a decision reached that the work should 
be suspended for the duration of the war. 
This helps to meet the present need for 
concentrating on the war all possible re- 
sources, including technical men, critical 
materials, and manufacturing effort. 


Problems of radio interference also 
occur in rural areas. A reasonably good 
locator has been developed by Rural 
Electrification Administration engineers 
in co-operation with a manufacturer. 
Several hundred such instruments are 
now being used with reasonably good re- 
sults, but improvements are needed. As 
“telephone interference’’ was changed to 
“telephone co-ordination” by co-operative 
efforts of utility engineers and telephone 
engineers, so should “‘radio interference’”’ 
be changed into “radio co-ordination” 
by co-operative efforts of the engineers of 
the electric utilities, the broadcasting 
companies, and the radio manufacturers. 

So you see: The rural circuit is not 
just a pole, a guy, a little insulator, a 
little transformer, and a little fuse. It 
calls for the most painstaking engineer- 
ing analysis. And when I speak of en- 
gineering, I will repeat that anything not 
based on a solid foundation of physics and 
mathematics is not engineering. 

We now come to electroagricultural 
engineering. When the statement was 
made that there was no electroagriculture, 
it was not meant that no one ever used 
electricity on the farm. And when it was 
said that there was no electroagricultural 
engineering, it did not mean that no engi- 
neer ever tried to apply engineering to the 
use of electricity for farming. Again, it 
was meant that as yet there is no specific 


branch of engineering that could be called - 


electroagricultural engineering, and there 
was no specific industry that could be 
called electroagricultural industry. As 
a matter of fact, these things are so new 
that it is difficult to say now what the 
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Even this will have to he Fishel as we 
along. No more will therefore be said 
re about the engineering possibilities, 


nd the discussion will limit itself to the 
q industrial possibilities. 


Here we know of 
some definite needs, and this is addressed 
primarily to progressive American manu- 


facturers who look ahead, find out what 
will be required, and proceed to build it 


and put it on the market. 


Electroagricultural engineering _is 


closely associated with rural electrifica- 


tion engineering, because, for example, 
the grounding problem is probably more 
important in connection with the fire 
hazard on the farm than in the city. A 
faulty ground may cause a fire, and, when 
a fire starts on the farm, the results are 
frequently disastrous. A simple cheap 
ground meter, suitable for the convenient 
use of every electrician, should be de- 
Incidentally, the study of 
lightning protection of farm buildings 
and perhaps the development of more 
competent equipment for this purpose 
likewise invite some activity on the part 
of the electrical manufacturers. 


While we are on the subject of hazards, 
we may as well consider the electric fence 
which is important in wartime, because 
less critical material may be used. The 
diversity of the types of control on the 
market is so great as to be bewildering, 
and many of the types are definitely 
hazardous. A committee of the National 
Electrical Safety Code has been engaged 
in the study of this subject, but, before 
quantity production is possible, some 
work by an AIEE committee and a 
National Electrical Manufacturers Asso- 
ciation committee will no doubt be in 
order. 

When large-scale rural electrification 
started, all efforts were concentrated on 
bringing into the farm the minimum 
amount of civilized comfort such as elec- 
tric lights, radio, a flat iron, a water 
pump, a washing machine, perhaps a hot 
water heater, and here and there an elec- 
tric range. This was as it should have 
been. The activity should continue, and 
improvements should be introduced. 
Illuminating engineers should study the 
problem of lighting for the farm, the farm 
home, the farmyard, the barn, and soforth, 


and the specific requirements of the cir- 


cuit. This should possibly be made a 
project by the Illuminating Engineering 
Society. Lighting problems on the farm 
are different and call for different treat- 
ment. 

An important item of comfort to which 
smanufacturers should devote their atten- 
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tion is the development of a small, cheap, 


but very reliable water pump, in order to 
make it possible to bring running water 
into the poorest farm home, I consider 
this to be as important. as the electric 
light. Public health authorities are unani- 
mous in their opinion that running 
water in every home would reduce sick- 
ness in the countryside, 


Recently there has come about a realiza- 
tion that every effort should be made to 
develop equipment to make it possible 
for the farmer who has electricity to use 
that electricity for real farming, to get 
more revenue out of his farm, to produce 
more or better food, to preserve food, and 
to make it unnecessary to let good food go 
to waste. This is real electroagricultural 
engineering. As was brought out in the 
paper previously referred to, some wonder- 
ful work has been done along this line by 
men of Science in the colleges and in other 
laboratories, but it has not been possible 
as yet to make the result of their labor 
available to all the farmers in the coun- 
try, because there is as yet no specific 
industry which can manufacture the items 
as quantity production. There is already 
some evidence of the beginning of such an 
industry. What already has been done 
only helps to demonstrate what we may 
expect in the future when a real electro- 
agricultural industry is established, using 
quantity production methods for making 
low-cost but reliable equipment that the 
small farmer can use to get a little more 
revenue out of the electricity that he 
already has or will have. Most of the 
items already on the market are too ex- 
pensive for the small farmer.» They are 
intended for the more prosperous farmer, 
and our main interest should be to make 
the small farmer more prosperous. 


At various times individuals have en- 
deavored to list the electric equipment 
and appliances suitable for both the farm 
and the farm home. Some of these lists 
exceed the 350 mark. State Agricultural 
Colleges, the United States Department 
of Agriculture, and others have been re- 
sponsible in large measure and have 
worked exceedingly hard for many years 
on the research and development of elec- 
tric applications. It must be said that 
very few of these have found their way to 
the farm in large numbers. It is most 
difficult to get one’s teeth into the real 
meat of these applications, for, although 
much work has been done, yet little 
specific information, either on statistics 
or accomplishments, has been assembled. 
At first thought this seems strange, be- 
cause so many of these can be catalogued 
as income-producing equipment which has 
been proved profitable to the owner. 
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_that hand work will. 


The year 1941 was an exceptional year 
in manufacturing and in the sale of all 
farm equipment, electric and nonelectric. 
It exceeded in volume any previous year, 
and the sales value of it was 36 per cent 
greater than 1940, and 34 per cent above 
the high mark set in 1937. Electric farm 
equipment sold for both the years 1941 
and 1940, and the increase in favor in 
1940 are shown in Table I, 

It will be noted that the electric equip- 
ment manufactured and sold in quantity 
is confined to a few items. Those items 
assembled and released by the Bureau of 
the Census include only milking machines, 
cream separators, milk coolers, domestic 
pumps, water systems, and brooders. It 
should be remembered that the figures 
shown are for years when the sales of 
these units were exceptionally high. Con- 
sidering this fact, it is obvious that 
with 2,337,160 farms electrified we still 
have a long way to go to reach saturation 
of this group alone. We will not reach it 
until we have a specialized industry with 
quantity production. Even on dairy 
farms where electricity can be used in so 
many ways it has been shown on an aver- 
age that only 10 per cent of the connected 
load is used for farming operations; the 
other 90 per cent is used for lighting, 
household appliances, and water pumping. 
The former figure is exceedingly low when 
we think of electric service as being used 
to increase farm production and income. 

An electric motor-driven cream sepa- 
rator will finish the job in half the time 
With the larger 
sizes of separator it is now a one-man 
instead of a two-man job. 

Records of 25,000 acres in the state of 
Oregon which were irrigated show a gross 
increase of $40 per acre over nonirrigated 
acres. Although irrigation is practiced in 
every state of the nation, yet today it is 
only in its infancy in the humid regions. 

Individual farmers report savings up to 
$100 per year by electric feed grinding, 
but here too we cannot as yet speak of 


Table !. Electric Farm Equipment Sold* 
Increase _ 
Num- Per 
1941 1940 ber Cent 
Milking ma- 
chines. ..... 53,468... 33,980...19,533....07.6 
Cream = sepa- 
rators (hand 
or power 
operated). ..188,785. ..105,254. . .33,531...31.8 
Milk coolers... 13,143... 9,134... 4,009...43.8 
Domestic 
pumps and 
water sys- - 
FEMS coFicas 360,412. . .267,972.. .92,440...34.5 
Brooders ale rks italale 689. .. 91,840. ..20,349...22.3 
“3 eaitee: ae oe AND SALE OF FARM 


EquipMentT. Bureau of the Census, United States 
Department of Commerce. 
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general use of electric feed grinders on the 
farm. 

Numerous other activities could be 
quoted where electricity has been used 
successfully on the farm. But anyone 


who has had a chance to see the fine re- 


search work being done in the various col- 
leges will at once realize that the surface 
has not yet been scratched and that 
manufacturers will find a ready market 
for many items now in the development 
stage in the colleges, or in the minds, or 
the cellars of individual inventors. Until 
recently there was very little incentive 
for manufacturers to spend money on the 
development of new devices for the farm. 
Such new items are hard to sell and they 
are expensive to sell. Farmers are far 
apart from each other, and the very sales 
effort required for introducing a new item 
on the farm makes the cost of the article 
in many cases prohibitive. The REA co- 
operatives use a group-purchase system, 
and they can arrange with manufacturers 
to cover a quantity purchase by one agree- 
ment. Since November 1939 the Rural 
Electrification Administration co-opera- 
tives purchased most of their meters under 
the group-purchase plan, totalling about 
$4,750,000 to the satisfaction of both the 
consumers and manufacturers. While 
all the service transformers for new con- 
struction have been furnished by the con- 
tractor, the co-operatives used the group- 
purchase plan for securing close to 25,000 
transformers for extensions, totalling 
nearly $2,500,000. Quite a few other 


items have been handled successfully 


through the group-purchase plan, making 
it unnecessary for the manufacturers to 
try to sell a new item from house to house. 


It is important to realize that whatever 
is manufactured for the farmer must be 
low in price, rugged, and simple in opera- 
tion. Only quantity production can bring 
about such devices. 

It is gratifying to be able to report that 
there is quite a number of progressive 
American manufacturers who have been 
giving this matter their careful attention 
and have been spending considerable 
sums of money on development of many 
devices suitable for quantity production. 

One manufacturer developed a self-con- 
tained quick freezer and cold-storage unit 
having a capacity of 20 cubic feet, which 
means that it will hold about 1,000 pounds 
of meat, or 500 pounds of fruit or vege- 
tables. It is sufficiently small in dimen- 
sions to be accommodated on the back 
porch of the house, and it is estimated 
that on a quantity production basis it 
would cost less than $300. There is no 
question that there is an enormous market 
for such an item. 
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Another manufacturer, to make it pos- 


_ sible for the farmer to grind his own whole- 


wheat flour and cereals, making it un- 
necessary to ship his wheat to the factory 
and then get it back again in the form of 
flour, developed a small kitchen-type 
flour mill weighing only 25 pounds and 
able to grind 20 to 40 pounds of flour per 
hour. The cost of this little mill based on 
quantity production will not exceed 
$25, and it is hoped that eventually it will 
have an attachment so that the standard 
makes of mixer attachments in the kitchen 
can be attached to the mill, thus eliminat- 
ing the necessity of buying a mixer. But 
this idea, along with the freezer, had to be 
put to sleep temporarily on account of the 
war. 

Dehydration is another very important 
item. We know, of course, that there is a 
great deal of commercial dehydration 
going on in this country and that dehy- 
dration made it possible to send enormous 
quantities of food abroad which other- 
wise could not have been sent. But two 
problems on the farm are as yet unsolved. 


1. Everyone who has traveled through the 
country knows that enormous quantities of 
apples, peaches, and some vegetables go to 
waste, because the farmer cannot afford to 
harvest them. 


2. Itshould be made possible for the farmer 
to dehydrate such fruits and vegetables for 
his own use. 


A small kitchen type dehydrator would 
solve these problems. One progressive 
manufacturer developed a small dehy- 
drator weighing less than 100 pounds and 
being 28 by 20 by 23 inches in dimensions. 
This little dehydrator does not call for 
special wiring, because the consumption 
is so low that it can be attached to the 
house circuit. It can produce in 12 hours 
four pounds of dehydrated apples from 25 
pounds of apples, and consumes only 2.4 
kilowatt-hours per pound of dehydrated 
apples. This item is likewise kept in 
abeyance because of the war. 

These are outstanding examples of the 
difference between homemade equipment 
and manufactured equipment. Numer- 
ous types of dehydrators have been de- 
signed by various schools, and the designs 
have been sent to the farmers with the 
advice that they produce those dehy- 
drators themselves. It is not necessary 
to dwell upon the fact that during this 
critical wartime man power on the farm 
is now very scarce and that the farmer 
has no time to devote to the production 
of mechanical equipment, but even in 
peacetime very few farmers would be in- 
terested in producing such a device if a 
better commercial product were available 
at a reasonable price. Besides, all of the 


designs for homemade equipment show 
electricity consumption much greater 
than that of the one proposed by the 
manufacturer. 
dehydrators require as much as 5 kilo- 
watt-hours per pound of dried apples as 
against the 2.4 kilowatt-hours that the 
manufactured equipment would require. 
There is no question that there is a market 
for hundreds of thousands of such small 
dehydrators if produced in quantity, of 
high quality, and at a low price. The esti- 
mated price of this particular dehydrator 
is about $36, based on a quantity of 5,000. 
But other manufacturers likewise are 
working on the development of a small 
dehydrator, and no doubt when the 
market opens up the price will be lower. 


The matter of chicken brooders is 
something for manufacturers as well as for 
an AIEE committee to study. Here too 
the number of designs is so great as to be 
bewildering and make it difficult for a 
farmer to select the type of brooder he 
should buy, to say nothing of making one 
himself. It should be possible now to 
crystallize a small number of standard de- 
signs that will meet all the requirements 
of the various agricultural schools and 
individual farmers and prepare some 
definite specifications under the auspices 
of the American Standards Association. 
This and only this will make it possible 
for reputable manufacturers to go into 
quantity production of brooders and for 
the farmers to get the best brooders for 
the lowest price. 


Some studies have been made on soil 
treatment by application of electricity, 
and there is a beginning of promising re- 
sults. In one case, for instance, electric 
soil treatment eliminated entirely the 
wild morning glory (bindweed). In 
another instance a better quality flax was 
produced after the soil was treated with 
an electric process. This, too, should be 
studied by manufacturers with a view 
toward producing eventually standard- 
ized equipment for electric soil treatment. 
Experiments have been carried on to use 
electric light for the control of the Euro- 
pean corn borer. You know, of course, 
what a pest the corn borer has been. I 
have been told that in some parts of the 
corn belt farmers have stopped raising 
sweet corn solely on account of the corn 
borer. These experiments likewise had 
to stop, because the one who was out- 
standing in this work is now in the Army, 


but the work should be picked up again, | 


and standard equipment should be de- 
veloped that could be sold to every farmer 
who raises corn. 


Some research men have been working 
on the development of a small pasteurizer 
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LECTRIC-ARC furnaces are con- 
tributing materially to the war effort, 
and a great number of them, small, me- 
dium, and large, have been installed re- 
cently, and more are being installed all 
over the country. These furnaces inher- 
ently produce a violently fluctuating load 
with widely different values in the several 
phases during the early part of the heat, 
referred to in the trade as ‘‘the meltdown 
period,” and the electric lines and systems 
to handle such loads must be carefully 
: designed and installed so as to prevent 
such swinging loads from affecting ad- 
versely the system and other critical 
loads, particularly the lighting, and at the 
same time to provide sufficient capacity 
and voltage for satisfactory furnace opera- 
_ tion. Also, such lines must be so arranged 
' and connected into the system that the 
minimum of copper will be utilized—most 
important now, 

This article will discuss some of the 
basic data necessary to have at hand in 
the solution of the problem of connecting 
such loads to an electric transmission 
system, together with the actual solutions 
brought about by the installation of 20 
furnaces, medium and large, in ten plants 
of the Duquesne Light Company system. 

Briefly, there are five major problems 


lw 


Paper 43-29, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
New York, N. Y¥., January 25-29, 1943. Manu- 
script submitted November 27, 1942; made avail- 
able for printing December 21, 1942. 


B. M. Jonss is division planning engineer, systems 
planning and development department, Duquesne 
Light Company, Pittsburgh, Pa. 


i} ‘ansmission-Line and System Problems 
in Supplying Large Electric-Arc Furnaces 
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involved, and the last is the most im- 
portant in time of war: 


1. To provide adequate line and/or step- 
down transformer capacity to carry the 
heating load that the furnace imposes 
thereon. 


2. Similarly, to provide adequate line ca- 


pacity to handle the violent one- and three- 
phase load swings and deliver usable volt- 
age. 

3. To connect such line extensions into the 
system at a suitable location to avoid: 
(a) subjecting other customers to objec- 
tionable flicker, and (b) causing objection- 
able operation of various equipment on 
the system, such as induction-feeder voltage 
regulators, governing equipment, tie-line 
controls, rotating equipment, and so forth. 
(In time of war, such limitations have been 
stretched of necessity and in some instances 
waived entirely.) 


4. To reinforce the system and/or lines as 
required. 


5. To use the absolute minimum of copper 
and other critical materials. 


Nature of Furnace Loads 


The load of a three-phase electric-are 
furnace is of a violently fluctuating na- 
ture, as is shown in Figure 2, which is the 
oscillographic record of the amperes in 
each of the three phases of the 5,000-kva 
furnace transformer listed as item 7 in 
Table I. The section at the left was taken 
during the early meltdown period and, 
as can be seen, the arc strikes and goes 
qut repeatedly with only a few cycles in- 
termission, and this continues for an ap- 


preciable length of time, 20 to 30 min- 
utes or more. The middle section was 
taken after the furnace had been in opera- 
tion for a while and was approaching the 
end of the meltdown period. Note that 
the are does not go out so often nor remain 
out so long, although in this oscillogram 
the middle phase does fluctuate quite 
widely. The section at the right was 
taken during the refining period and is ap- 
proximately a balanced load, and during 
this time the arc does not go out. 

There is no system problem in carrying 
the load during the refining period, but 
there is a very real problem in providing 
facilities to carry loads of this nature with 
reasonable expenditures and with mini- 
mum use of critical materials. 


Figure 3 shows the frequency of instan- 
taneous three-phase reactive megavolt- 
ampere swings for various-size fur- 
naces, and in several tests made it has 
been disclosed that the highest swing 
occurs only once in a six-hour heat, and 
that the next ten high swings are less 
than 80 per cent of this one value. This 
case was on a 10,000-kva furnace trans- 
former, and we have data on larger 
units which approximately bear this 
out. The objectionable zones of voltage 
flicker previously referred to are more 
likely to be in the latter range than for 
the one or two infrequent higher swings. 

A study of Figure 3 will show the steep- 
ness of the curve for the infrequent 
swings, and the lower swings, or more in- 
frequent ones, will probably not require 
so stiff a system and hence probably will 
require less material. We doubt the ad- 
visability of tooling up for the one or two 
maximum swings during a heat of even 
one or two hours, let alone for the one 
large swing occurring in a six-hour heat 
during wartime. 

The larger swings produced by several 
furnaces in simultaneous operation in one 
plant occur very infrequently—in fact 
our investigation discloses that they are 
of less frequent occurrence than the one 
high swing of one furnace operating alone. 


for the small farm that could be had at 
low cost, and the prospects are very prom- 
ising. This work should have the atten- 
tion of electrical manufacturers. It 
should be made possible for the small 
farmer to pasteurize his milk and sell it in 
the community. 

The possibility of a storage-battery- 
driven electric tractor has not yet been ex- 
hausted. Some experiments were made 
prior to the depression but were dropped. 
It is difficult to predict whether or not 
such a tractor would be a success. It is 
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possible that if the cost of energy for 
charging the batteries at night is very low 
a market would be opened for small 
tractors to be used by hundreds of thou- 
sands of small farmers. 

There is a decided need for simplifica- 
tion of motor starters for medium-sized 
motors for farm use and also for a reduc- 
tion in the price of the starters. 

When the war is over a great deal will 
be known about high frequencies that is 
not known now, and it is possible that 
high frequencies ranging from audio fre- 
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quencies to ultrahigh frequencies may 
have a great many applications on the 
farm. It may be possible to apply high 
frequency for soil treatment, and super- 
sonic waves may possibly be applicable 
for extermination of pests. This subject 
calls for much more study by electrical 
engineers. 
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Table |. Transmission Supply Lines, Short-Circuit and Voltage Flicker for 20 Furnaces From 1,500 to 15,000 Kva in Ten Plants in Duquesne 


Light Company System 


Furnace Transformer Data 


At Customer’s Substation 


Volts Regulation on 115-Volt Base — 


and Based on Instantaneously 
Established Single-Phase Swing 


At Customer’s 


At Incoming Bus At High- Substation 
Supple- — Voltage Fur- - 
Largest mental Supply-Line Data Reactance in Ohms nace Bus At Furnace At Nearest 

Trans- React- Three-Phase (Reactance At In- High- Critical 

Item Quan- former ance Voltage From Network Figure Short-Circuit Three- Single- in Ohms— coming Voltage Station 
No. tity (Kva) Used (Kv) or Separate Line No. (Kva) Phase Phase Single-Phase) Bus Bus Bus 
bee Didisystske 1S; O00 Ss arb INO™ tas 3 G32 ete Network .....6-A Aietoict! iA UU US ec S20 nvr hc oa whole as DE Pc Wiaal Nbstaks yan bs 4 SOG 1.37 
D tieke OE aN TOVOOO eet MESivetaa 68S Boks Network ..... 6= Boaters 449,000 2.400 Cpilse yas. L2G ctr ST 02% eae B00 Tes Bi OS atc a 0.98 
Sica cnc LOLO00 ie sie No.. 65 ceten en se Separate** ..... G22) seare ites 304,000..... Di ea a wan oes 30 AA. Sets 46.64%)... va ee gO manos 1.23 
oe Ly aoetee 7,500.00. Wes or ctace's DE Sa wee Network} a... o70s Dee acon B39 O00 ire a) hr @ODs Ovis,s Dal eee Del Cotes 2 99's ats. 2. O00. ta con 1.97 
Buccs wires eae WOOO pero BGS ete cere. 23 poninhends Separate 3... None a. vac LSZO0O Nemes OW. Tice S020 scene 8202 "28 9.94..... ee ae 2.75 
Oe Dh ahdevs GOOG Sain ec Wies ania: OS wae Separate ..... 6= Coe rea ine SS0OlO00F oe sw O02. cas se DO Age eas eas B36 E eee oe is eee 10.50% ee 1.78 
Tihean ae bay O00 cis Wes. tant 23° sobs Networkf ..... O- Cree 251,000..... Selb a ows Ay 22): Seve FV Sa 4 oer CPE Pleteby er 3.74 
Bin Gene cycle vk 4 O00 Sante Wiese oes 1 Ne ee Separate ..... b= Dow 103,000..... bal2warae LO 24 ae 1D 2a vat = a A Pee, Sac Ow saree eG 
5 uc DE groves OOO Kner. et V OS ec .ayrct ZB Tot teres Network ..... BaAl vena 319,500..... CBG hia 38.31 3.01) cue 2 Ok et. PONS ie eno 1.87 
LO Ames eee as S000 cities Mesa ae 13 sbas Separate’ ....< a hos 364,000..... OFO6S nc OR TZ rere: O77 265 AaA 22 eae ae 2. OD eavarats 1.48 

(see text) 


; 
* Includes intermediate transformation between incoming supply lines and the high-voltage furnace bus. 


+ A separate isolated 22-kv line can be made available by the opening of a remotely control 


furnace loads are swinging. 


+ A separate line or lines required for line loading and not for furnace load fluctuation. 


Pure reactive used for overhead lines and 80 per cent of impedance for cables. 


In specific tests on an installation of four 
10,000-kva furnaces in the same plant, 
the increase of the maximum swings of 
two furnaces when operating simultane- 
ously melting down over one alone was 
about 20 to 25 per cent. 
the three similar furnaces over two, the 
increase was seven to ten per cent addi- 
tional. 

These records of Figure 3 were obtained 
from high-speed graphic meter charts 
at three inches or six inches per minute, 
and it is recognized that there is some 
error in these charts, because of the fact 
that the swings take place so rapidly the 
instrument cannot follow them accu- 
rately. The oscillograph is the proper 
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Similarly for 


measuring device to use to obtain such 
records, but it is believed that these curves 
are indicative of the general relation. 

It is also recognized that the lamp 
flicker, the source of complaints, is the re- 
sult of single-phase swings, but the single- 
phase data were not available. However, 
it is believed that the three-phase data 
will be indicative of the general relation 
between single-phase swings of different- 
size furnaces, 

The swings are affected very materially 
by type of scrap and by how the furnace 
is operated. For instance, recently we 
have tested a large furnace which was 
charged with light scrap loosely packed 
in, with the resultant swing being about 


Figure 1 (left). A typical 
large modern three-phase elec- 
tric furnace ‘‘pouring” 


Figure 2 (below). Oscillo- 
grams of the three-phase cur- 
rents of 5,000-kva furnace dur- 
ing early meltdown, later in the 
meltdown, and during refining 
Note the different degree of , 
stability of the arc 2 


252 
200 RMS 
= 2 
Zi 


led oil circuit breaker at the customer’s plant if necessary when the 


All jobs are overhead lines, except item 10 which is all cable. 


half or two thirds of those on similar 
furnaces when charged with heavy scrap 
carefully packed in. Also, the amount of 
supplemental reactance (the tap connec- 
tion of the reactor) in use in the furnace 
transformer has a very’ material 
bearing on the magnitude of the swings. 
Therefore, caution is urged in attempting 
to use these curves as a criterion of fur- 
nace performance, but they will be help- 
fulasa guide. 


The number and sizes of furnaces and 
the conditions of the tests for the curves 
are given below: 


Curve A. Four 25-ton 10,000-kva furnaces 
and one 36-inch slabbing mill supplied by a 
37,500-kva 66/11-kv bank, in normal opera- 
tion. Details are not available. The mill 
load is relatively steady and has a small ef- 
fect on the shape of this curve. New fur- 
naces of this size would probably have a 
normal rating of 35 tons. Data for curves 
B, D, E, and F were taken on same instal- 
lation. Curve A was plotted from 31/2 
hours high-speed meter record over several 
days in July 1942 and measured at the 66-kv 
bus at the power station. The customer is 
supplied by a 4/0 66-kv line 14 miles long. 
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B. Later during meltdown 
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One 25-ton 10,000-kva furnace 
by a 37,500-kva 66/11-kv bank. 
s estimated curve at ten per cent 
above curve D. 

Curve C. One 50-ton 12,000-kva furnace 
supplied at 24 kv by means of a 4/0 line 
e-half mile long from a very large step- 


down bank. Curve plotted from five hours 


Be aes peed meter record for a 
It eat in January 1940. H 

used. » ae 
Curve D. One 25-ton 10,000-kva furnace 
supplied by a 9,375-kva 66/11-kv bank. 
Curve plotted from high-speed charts cover- 
ing a six-hour run for one full heat in April 


1940. Heavy scrap used. 


Curve E. Two 25-ton 10,000-kva furnaces, 
each supplied by one 9,375-kva 66/11-kv 
bank. Curve plotted from a six-hour high- 
speed meter record in September 1940, 
with simultaneous melting down of the two 
furnaces for 15/, hours of this time. Heavy 
scrap used. 

Curve F. Four 25-ton 10,000-kva furnaces 
supplied by a 37,500-kva 66/11-kv bank 
with three furnaces melting down simul- 
taneously and one refining. Curve plotted 
from 40 minute high-speed meter record in 
September 1941. Other spot tests show in- 
frequent swings higher than these, even 
higher than for two furnaces, curve E. 
Low values—much higher expected. 
CurveG. One 15-ton 7,500-kva furnace sup- 
plied by a two-mile 4/0 22-kv line which in 
turn is supplied from a 60,000-kva 66/22-kv 
bank. Curve plotted from two hours 15 
minutes high-speed meter record of the 
early part of a heat in April 1942. Light 
scrap and restricted operation. 


Curve H. Two 7.5-ton 6,000-kva furnaces 
supplied by one 9,375-kva 66/11-kv bank. 
Curve plotted from six hours 50 minutes 
high-speed meter record in August 1942. 
Light scrap and reduced operation. 


Voltage Fluctuation Limits of 
Duquesne Light Company 


We have peacetime voltage-fluctuation 
limits of 1.5 and 2.0 volts on the 22-kv 
and 66-kv systems respectively for fluc- 
tuating loads of arc-furnace character- 
istics, which we used prior to the war as 
a guide in connecting furnace loads, but 
these limits have been waived of course 
since the war started. The voltage flicker 
limits are more severe for the 66-kv sys- 
tem in certain zones of frequency of occur- 
rence than for other parts of the system, 
for the reason that the cost to provide 
corrective measures would be greater 
than on other parts of the system. Of 
course, the same perceptible and objec- 
tionable zone will exist, but more con- 
sumers would be exposed to the voltage 
flicker, and hence presumably more com- 
plaints would result. 

By adhering to these limits before the 
war, we encountered very little objection 
to voltage flicker from consumers, and the 
few have been mainly the result of welder 
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Figure 3. Frequency of instantaneous three- 

phase reactive-megavolt-ampere swings for 

various size furnaces, individually and in 
groups 
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installations which were greatly exceed- 
ing these limits, rather than furnace 
installations. In many cases we now per- 
mit fluctuations considerably in excess 
of these values, even though we realize 
that they are definitely perceptible and, 
in certain cases, may become objection- 
able. 

To some, these limits may appear to be 
rather severe, but our successful experi- 
ence in applying them, we believe, justi- 
fies their retention after the war. We of 

“course exercise judgment based upon 
experience and stretch these limits in 
certain cases, even in peacetime. We 
were considering revising these limits 
to be more lenient, even before the war, 
and our experience during wartime will be 
of considerable use to us in the next re- 
vision. 

The matter of perception of and objec- 
tion to voltage flicker is not, in my opin- 
ion, subject to exact scientific deter- 
mination. Much research work has been 
done on this, and while some consumers 
will object strenuously to voltage flicker, 
others would not even be conscious of the 
same flicker. Some of the best work 
done on this is covered in a pamphlet 
entitled ‘The Visual Perception and 
Tolerance of Flicker,” a report of the 
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subcommittee for project 10, Utilities 
Co-ordinated Research, Inc., 1937, which, 
I believe, is available at a reasonable 
price. 


System Regulation 


The voltage flicker at the nearest ad- 
jacent substation is generally not the 
governing factor, for this nearest station 
may be an industrial consumer where 
considerable flicker can be permitted 
without encountering objections, whereas 
a distribution substation supplying light- 
ing may be farther away (electrically) 
from the furnace than the industrial 
substation, and yet objectionable flicker 
may be rendered to the lighting consum- 
ers. However, the industrial consumer’s 
substation may be the governing factor, 
for there may be critical drafting-room 
lighting requirements or fluorescent light- 
ing in certain processes, or other manu- 
facturing requirements. 

The instantaneous swings lasting less 
than a second (of cycles duration or less) 
occur more frequently than swings lasting 
several seconds, the latter reaching the 
maximum value in several steps, each of 
which is generally smaller than the maxi- 
mum swings lasting less than a second. 
The swings of the shorter duration being 
more frequent are the final criterion in- 
sofar as flicker is concerned, but there is, 
of course, more total regulation for the 
swings lasting several seconds, because 
they reach a higher value. 

However, our experience has been, and 
that of some other power companies bears 
this out, that the regulation problems of 
loads lasting several seconds is not of any 
serious concern, for if you tool up for 
the instantaneous swings, the condition 
occurring less frequently causes no com- 
plaint. 


11-, 22-, and 66-Kv Line 
Connections for Electric-Arc 
Furnaces From 1,500 Kva to 
15,000 Kva 


Table I shows data on the transmission 
supply lines, short-circuit kilovolt-am- 
peres, and voltage flicker or regulation for 
20 furnaces from 1,500 kva to 15,000 kva 
in ten plants on the Duquesne Light 
Company system, and there is also in- 
cluded the impedance in ohms, both one- 
phase and three-phase, at apropos loca- 
tions. 

In three instances, the peacetime limi- 
tations are or will be exceeded, and from 
none of these are complaints being en- 
countered, nor are any expected. Also, it 
is believed that no serious complaints 
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during wartime will be encountered from 


flickers considerably in excess of those 


shown. Further, it is felt that values 
appreciably in excess of those shown 
would not interfere with war production, 
Item 7 in Table I will be much less 
severe when isolated temporarily as de- 
scribed in the note beneath the table. 


11-Kv Line CONNECTIONS FOR 3,000- 
Kva ELectric-ARC FURNACES 


Figure 4 shows two methods of 11-kv 
line connections for three 3,000-kva fur- 
naces, and the data for sketch A of this 
figure are given in Table I as item 10. 
The two lines of 500,000-circular-mil 
cable, 1.5 miles long, feeding this furnace 
substation, connect to separate busses 
at the power station which are supplied 
through reactors from the main generat- 
ing source, and the feeder bus also sup- 
plies other distribution substations as 
indicated by the short lines with arrows. 
The voltage flicker of 1.48 volts at one 
of these two substations is the limiting 
point and is less at the 11-kv feeder bus 
in the power station, that is, 0.44 volt. 

The wartime cable rearrangement in- 
volved a very small amount of copper. 

The corresponding voltage regulation 
at the power-station feeder bus for sketch 
B of this figure is 0.44 volt and is 1.72 
volts at the nearest industrial consumer. 

At the time of preparing this paper, one 
furnace only is in service. 


22-Kv LINE CONNECTIONS FOR 1,500- 
Kva TO 7,500-Kva ELecrric-Arc 
FURNACES 


The larger number of our furnaces are 
connected to the 22-kv transmission net- 
work by the lines in that vicinity rather 
than by an exclusive line from a major 
transmission stepdown substation. Some 
of them, however, are connected to a 
separate exclusive line, items 5 and 8 
in Table I being in this category. 

Figure 5 shows several recent installa- 
tions. Diagram A of this figure covers 
the supply to a 3,000-kva furnace and is 
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item 9 in Table I, and the voltage drop at 
the nearest critical substation bus is 
1.87 volts. It will be noted that there is 
another line normally open to this con- 
sumer, and, when one is operating on this 
second line with the first open, the volt- 
age drop at the nearest critical substation 
bus will be somewhat greater. The 22- 
kv lines are 4/0, and the wartime line re- 
arrangements and the waiving of peace- 
time flicker limits resulted in installing 
only 800 feet of 4/0 line. 

Diagram B of Figure 5 covers the sup- 
ply to one 7,500-kva furnace now in 
service and another one authorized and 
is item 4 in Table I. The drop at the 
nearest critical substation is 1.97 volts. 
There are other substation busses getting 
larger voltage drops than this, but they 
are industrial consumers supplied at 22 
ky and are not so critical. The exclusive 
line is 4/0 and is two miles long. Careful 
study developed a scheme of handling 
this furnace load, without any line copper 
being used, by rearranging the consumer’s 
22-kv bus in order to isolate the direct 
line at times of meltdown. 

Diagram C of Figure 5 covers the sup- 
ply to a 5,000-kva furnace which has been 
in service for a number of years and which 
creates much wider fluctuations than 
other furnaces of this size and larger. 
This is item 7 in Table I. The voltage 
drop on the basis of normal single-phase 
swings expected from such a size trans- 
former at the nearest critical substation 
bus is 3.74 volts, and at the 22-kv bus of 
the nearest major-ring stepdown sub- 
station is 2.17 volts. With the abnormal 
swings that this furnace transformer 
produces at times because of its unusual 
impedance characteristics, these values 
are exceeded, and certain remedial steps 
were taken shortly after this furnace was 
installed. These remedial measures con- 
sisted of changing the adjustment in volt- 
age-regulator relays on the induction 
feeder regulators in the nearby substa- 
tions to permit the higher short-time volt- 
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Figure 5. Twenty-two-kilovolt line connec- 
tions for electric-arc furnaces of 1,500 kva to 
7,500 kva 


Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 


age swings to filter through the relay with- 
out causing the regulator to operate, and 
placing a little time delay in the initiating 
devices of these induction feeder regu- 
lators; also, certain 22-kvy line rearrange- 
ments were made in this vicinity at that 
time, and remote control facilities were 
added to the incoming line breakers at this 
substation, so that one of them could be 
opened and the furnace operated on a 
direct 4/0 line approximately three miles 
long from the stepdown transmission sub- 
station. These remedial measures have 
eliminated completely the complaints 
that we received in copious quantities 
when this furnace was first placed in 
service. Actually, the consumer is now 
operating radially on one direct line from 
the major stepdown transmission sub- 
station during the meltdown periods. 
Diagram D of Figure 5 covers the sup- 
ply to an old 1,500-kva furnace and a new 
4,000-kva furnace. The latter furnace 
required a separate radial line. The final 
line arrangement in the district is shown. 
Pertinent electrical data are covered in 
item 8, Table I. The old furnace and 
the mill load were supplied by the 22-kv 
network in that vicinity, and the old 
furnace did cause an undesirable but not 
intolerable voltage condition. For this 
reason it was reconnected on the new 
radial line together with the new 4,000- 
kva furnace. With the furnaces supplied 
by an exclusive line (1/0 copper and 
six miles long), the voltage drop at the 
nearest critical substation bus is 1.76 
volts. A bus tie switch is installed be- - 
tween the furnace bus and the bus which is 
supplied from the network. This was 
done in order to permit the furnaces to be 
operated at reduced voltage in case the 
radial line is out of service for an extended 
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B. Sixty-six-kilovolt transmission system with 
624,000-kw generating capacity 


Figure 6. Sixty-six-kilovolt line connections 
for electric-arc furnaces of 6,000 kva to 15,000 
kva 


period. If normal furnace voltages are 
used under this condition, the voltage 
fluctuation at the nearest critical bus in 
the network is intolerable. 

A new exclusive furnace line would have 
required a large amount of critical mate- 
rials. By consolidating loads in two dis- 
tricts into one district, a 22-kv line was 


‘ released and extended for service to the 


furnaces. Actually, 53,000 pounds of 
copper were saved by the rearrangements 
as compared with a new exclusive line. 


66-Kv LINE CONNECTIONS FOR 6,000- 
Kva To 15,000-Kva ELEctTRIC-ARC 
FURNACES 


The 66-kv method of supply is used for 
four plants, one of them having the larg- 
est furnaces on our system. Figure 6 
shows these connections. 

Diagram A covers the supply for three 
large furnaces—two 15,000-kva and one 
12,000-kva. This is item 1 in Table I. 
One furnace is in service now, and the 
others are expected to be in service dur- 
ing the winter of 1942-43. This is an 
interesting connection, for the mill where 
the furnaces are located is supplied at 66 
kv from a power-company substation ap- 
proximately 1.0 mile away. A consider- 
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able portion of other load of this same 


consumer is supplied from the power-com- 
pany bus and from the 66-kv furnace bus 
in the mill where the furnaces are located, 
all as shown in this diagram. Asa matter 
of interest there are 60-cycle generators 
proposed for connection to the con- 
sumer’s 66-kv lines in one of his mills, 
and we will operate in parallel with these 
generators which are scheduled for service 
sometime in 1943. The two power com- 
pany 4/0 66-kv lines 0.5 mile in length 
were installed four years ago for mill 
load only then, and today for furnaces 
alone we would supply one line. The 
voltage drop at the nearest critical sub- 
station is estimated to be 1.37 volts. 


Diagram B covers the supply for two 
10,000-kva furnaces which are expected 
to be in service early in 1943. This is 
item 2 in Table I. The “other load” 
shown in this diagram is a very small 
part of the load and is merely for hand- 
ling facilities and shop lighting, and this 
is purely an electric-furnace plant for 
producing steel ingots and will in no 
way fabricate or process them. This 
was a fortunate location as the 1/0 line 
extension from the main 66-kv trans- 
mission will be only approximately 1.5 


miles. The voltage drop at the nearest 
critical substation is estimated to be 
0.98 volt. 


Diagram C covers the supply for two 
6,000-kva furnaces. One of these was 
in service in 1941, and the other early 
in 1942. This is item 6 in Table I. This 
location was not so fortunate since it re- 
quired 4.0 miles of 4/0 66-kv line added 
to 4.0 miles of existing 4/0 line from the 
transmission substation bus to reach 
this. The voltage drop at the nearest 
critical substation is 1.78 volts. 

Diagram D is an interesting installa- 
tion and supplies four 10,000-kva fur- 
naces over a 4/0 line about 14 miles long. 
This is item 3 in Table I. This furnace 
load began with one 10,000-kva furnace 
connected at the point marked “cut” and 
supplied from the transmission network 
in this vicinity by a nine-mile line exten- 
sion. Within five months a second furnace 
was installed and was carried without any 
line reinforcing. Then, about a year 
later two more 10,000-kva furnaces were 
installed, and this necessitated cutting 
the line, at the point shown in diagram 
D, from the network and extending it 
back to a stiffer source, which is now a 
generating-station bus but which at that 
time was at a point on the 66-kv trans- 
mission. The voltage drop at the power 
station 66-kv bus for the present connec- 
tion is 1.23 volts. At the time of the 
initial installation the voltage drop at 
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the nearest substation was higher, but no 
complaints were received, 


Kilowatt Demand and 
Kilowatt-Hours 


Table II gives these data for various 
sizes of furnaces, which data are incom- 
plete, for in some cases the kilowatts and 
kilowatt-hours are totaled along with 
other mill load, and the remainder are on 
other systems, and only partial data are 
available to the writer. Experience and 
skill, together with other factors listed 
below, will affect the electrical perform- 
ance very materially, as well as the ton- 
nage output. 

Production of steel by electric melting, 
and the electrical requirements—kilowatts, 
kilowatt-hours, and load swings—are 


Table Il. Furnace Size, Kilowatt Demand- and 


Kilowatt-Hours Per Ton 


Partial List for Representative Sizes 


Trans- Kilowatt- Kilowatt 
former Hours Demand 
Furnace Rating— Per Net 15- 
Item Size Net 40 C Short Minute 
No. in Short (Kilovolt- Ton Pro-  Inte- 
Table I Tons Amperes) duced _ gration 
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* Foundries. All data not available—see text. 


governed by many variable factors, some 
of which are subject to some degree of con- 
trol; among these important factors are 
the following: 


1. Type and size of scrap. 


2. How charged—‘packed in,’ and so 


forth. 


3. Quality of finished production—mild 
steel, alloy, high grade alloy, and so forth. 


4. Skill of furnace crew, particularly that 
of the turn foreman and melting superin- 
tendent. 


5. Proper size of transformer. 


6. Use of proper transformer taps and con- 
trol adjustment. 

7. Design of entire electric installation— 
furnace, transformer, wiring, and control, 
the latter contributing very largely to the 
success of larger are furnaces. 


8. Charging equipment and general layout. 
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The nominal tonnage rating of an elec- 
tric-arc furnace used herein does not 
indicate necessarily the actual produc- 
tion capacity, for, as previously explained 
many variable factors affect the produc- 
tion, and this is merely a nominal rating 
for identification purposes, and actually 
the tonnage produced may be more. 
Usually, with the larger furnaces for steel 
making, the nominal tonnage rating, so- 
called, indicates the holding capacity of 
the furnace in net tons, whereas with some 
of the smaller furnaces in foundries the 
rating is the net ton produced per hour. 
One large manufacturer has within the 
last few years ceased to give his furnaces 
arating and now identifies them by a type 
number. 

The experience of a considerable num- 
ber of plants using electric furnaces over 
a number of years has disclosed that in 
some installations the furnace trans- 
former was replaced with a larger trans- 
former, ~since we had had several such 
cases on our system—some within the 
last year. This comes about for such 
reasons as enlarging the furnace, more 
tonnage requirements, melting different 
materials, becoming more skilled in the 
operation, and so forth. 


Other Power Companies’ Fluctuation 


Different power companies have dif- 
ferent requirements for the connection 
of furnace loads. All of the power com- 
panies on which IJ have data indicate that 
the frequency of the furnace swings and 
their magnitude govern the amount of 
stiffness required in the system at the 
point of service, for these are the criteria 
of the flicker which will result in voltage 
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complaints if any are incurred. For in- 
stance, one power company requires a 
short-circuit duty at that spot of 1,000,- 
000 kva for connecting a 10,000-kva elec- 
tric-arc furnace on the basis of limiting 
the voltage fluctuation to two per cent, 
assuming the instantaneous swings to be 
twice the transformer rating. Another 
power company feels that the short-cir- 
cuit duty should be 750,000 kva or greater 
on the basis of a two-volt flicker on a 
120-volt base. Some other power com- 
panies have installations in satisfactory 
operation with five to six per cent 
voltage swings on the consumer’s 
primary bus, and they feel that 7.5 per 
cent would also be satisfactory, and they 
make reference to two per cent limits on 
the system at critical points. 

One large power company claims that 
its test data disclose single-phase swings 
from approximately 1,500 kva to 6,500 
kva for three-phase electric-arc-furnace 
transformers varying in size from 1,000 
kva to 10,000 kva, with corresponding 
power-factor variations from approxi- 
mately 40 to 65 per cent. The Duquesne 
Light Company test data for several 
comparable installations check fairly 
closely with these figures. 

All and sundry advise caution in sup- 
plying lighting, particularly fluorescent 
X-ray equipment and other critical ap- 
paratus from consumer’s primary busses 
and from lines and/or busses that supply 
such critical load. 

One large power company is fortunate 
in having most of its heavy industrial 
load confined to a definite area and has 
provided a separate bus known as “‘flicker 
bus,” from which all such loads are sup- 
plied. Such a bus can stand much greater 
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seas 


voltage fluctuations than one carrying 
lighting and other critical load. Not 
many are so fortunately situated. 


Early Furnace Experience 


Duquesne Light Company has been 
supplying electric-furnace loads since 


q 


1908, and, it is thought, it was the first — 


power company to pick up such load. 


Even in those days the necessary re-_ 


search work and calculations were made 


before connecting a furnace to the system, — 


and a trial installation was actually made © 


of the first furnace in the power-station 
yard, with one engine-driven generator 
isolated to carry the load for the tests. 
Subsequently, as a result of these tests, 
the furnace installation was made in the 
steel mill and was supplied for a while 
by an isolated generator and line. As the 
system grew, the generator and line were 
tied into the network. This installation 
was in use in this plant for many years 
and was scrapped just a few years ago, 
but other larger furnaces were later in- 
stalled and have been in use for many 
years. 
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Introduction 


MP HE paper describes a new method for 
E the testing of insulation of windings, 
the advantages of which are adequate 
stressing of turn and conductor insulation 
and certain detection of defects. The 
new tester consists of a repeating-type 
surge generator, cathode-ray oscillograph, 
and synchronously driven switching 
equipment. The surge generator provides 
a succession of voltage waves of controlled 
shape adjusted to give the necessary turn 
and conductor insulation stresses. The 
cathode-ray oscillograph is timed to give 
a stationary image of the repeating surge 
on the screen. By virtue of the special 
method of surge application and oscillo- 
graph connection, the waves on the screen 
indicate turn or conductor-insulation 
efects quickly and certainly. 
; In high-potential testing, voltages in all 
parts of a winding should be high enough 
to result in insulation failure at all points 
where insulation strength is not adequate 
_to withstand service conditions. To this 
end, test voltages must be used suffi- 
ciently above normal excitation voltages 
to properly stress conductor insulation 
and sufficiently rapid in rate of change to 
stress turn insulation properly. Accord- 
ingly, power-frequency voltages, usually 
two times normal plus 1,000, are used for 
conductor-to-ground insulation and high- 
frequency voltages applied directly or by 
induction are used for turn insulation. 
In service, insulation must withstand 
normal voltage excitation, switching 
voltages, and other transients such as 
lightning.! Switching surges range below 
5.5 times normal but may, as in the case 
of lightning transients, have high rate-of- 
change characteristics. Time to crest 
may be as low as one microsecond. As 
nearly as practical these service voltage 
conditions should be reproduced in test.?~1* 
The test method described in this paper 
is directed toward the ends of adequate 
stressing of all insulation and certain 
detection of weak spots.. 
The new method has been used for dif- 
ferent types of coils and windings and has 
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been applied to particular advantage in 


the testing of completed windings of — 


three-phase low-voltage rotating ma- 
chines. In this case surge voltages are 
applied alternately to each of two of the 
terminals of the machine with the oscillo- 
graph connected to the third terminal. 


II. Wave Propagation in Machine 
Windings 


Experimental work and practical test- 
ing experience on production machine 
windings have indicated definite improve- 
ments in line with the objectives already 
stated. As very little experimental work 
has been reported on wave propagation 
in windings, it seems advisable to include 
here a few oscillographic records of volt- 


“age wave conditions pertinent to the 


surge performance of machine windings. 

A most significant characteristic of 
these windings from the standpoint of 
surge mechanism is that capacitance and 
inductance elements are necessarily well 
distributed as to physical position and, 
therefore, have very low over-all capaci- 
tive or inductive coupling. In’ this 
report the machine winding is the oppo- 
site of the transformer where over-all 
capacitive and inductive couplings are 
very high. Because of this distribution 
of capacitance and inductance elements, 
the electrical mechanism of the machine 
winding is that of the traveling-wave as 
contrasted with the standing-wave 
mechanism of the closely coupled trans- 
former winding. The surge performance 
of a machine winding is illustrated in 
Figure 1 which shows voltage wave 
shapes measured at suitably located tap 
points along one leg of a three-phase 
winding of a large rotating machine. 
The voltage wave applied was unidirec- 
tional in polarity with a time to crest of 
one microsecond and to half-crest on the 
wave tail of 5.6 microseconds. 

In Figure 1 in the left vertical column 
are shown the tap voltages for the case 
of the neutral end open. The voltage 
wave shape applied is at the top with con- 
secutive taps toward the open end in 
order below. The unidirectional polarity 
impulse traveling through the winding 
sets up a standing-wave oscillation at the 
open end which has a frequency of some 
34,000 cycles per second. Voltage am- 
plitude along the winding first decreases, 
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then increases, reaching a value some 20 
per cent above that of the applied wave 
at the line end. The low-amplitude os- 
cillation at the beginning of the neutral 
end wave is the result of direct coupling 
across the winding, as soon as the applied - 
wave enters the winding at the line end. 
The winding time length, as indicated by 
this displacement, is just under 4.0 
microseconds, 

In Figure 1, center vertical column, are 
shown tap voltages for the case of the 
neutral grounded, through a resistance of 
200 ohms equal to the experimentally 
determined surge impedance. This series 
of oscillograms shows the voltage wave 
traveling through the winding without 
major reflections and with appreciable 
amplitude attenuation so that the neutral 
end wave is about 60 per cent of the | 
applied wave. This attenuation is ac- 
companied by some distortion resulting 
in a slight lengthening of the wave tail. 
The loss in voltage amplitude is mainly 
on the sharp front of the wave, and this 
has the effect of increasing the time to 
crest from one microsecond at the line 
end to five microseconds at the neutral 
end. 

In Figure 1, right vertical column, are 
shown tap voltages for the case of the 
neutral end directly grounded. In this 
case the polarity of the reflected voltage 
wave is reversed, and a frequency of 
77,000 cycles or something more than 
twice the open-ended winding frequency 
is obtained. The voltage amplitude de- 
creases at each tap point and at the 
neutral end is, of course, zero across the 
ground connection. 

These oscillograms show the nature of 
the voltage variations in a rotating ma- 
chine winding under conditions of ap- 
plied surges such as are obtainable with 
switching, lightning, or other circuit 
variations, Further experimental work 
has shown that steeper and short-dura- 
tion waves are attenuated more rapidly, 
and more sloping and longer-time waves 
less rapidly. This type of information 
can be used as a basis for consideration of 
voltage stresses and detection of weak 
spots in winding-insulation testing. 


Ill. Winding-Insulation Testing 
Method 


Experimental work was conducted on 
improvements in winding-insulation test- 
ing, particularly as regards across-winding 
stresses and weak-spot detection in view 
of the surge mechanism already described. 
As a result of this work, the circuit ar- 
rangement and method of connection 
derived from the oscillograph electric 
transient analyzer? and shown in Figure 
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2 was devised. The principal elements Figure 2. Schematic diagram of 
involved are the repeating surge generator winding-insulation tester 

at the bottom left, a cathode-ray oscillo- 

graph at the top right, the time-co- 

ordinating and beam time-axis circuit at 

the top left, and a synchronous reversing 

switch shown at the bottom right, along 


TOUOQOOHOUNS 


Figure 1. Wave propagation in machine 
windings 


Applied line surge voltage at top. Neutral 
surge voltages at bottom 
Left—Terminus open 
Center—Terminus grounded through surge 
impedance 
Right—Terminus grounded directly 


with a typical wye-connected winding of 
rotating machine. The surge generator 
consists of supply transformer 10, charg- 
ing tube 11, main capacitor 6, and dis- 
charge resistance and tube 7 and 5. This 
circuit provides a capacitor-discharge 
voltage wave which is applied through a 
synchronously operated reversing switch 
9 to the machine windings 12 and 13 under 
test. Time-co-ordinating circuit 1, 2, 3, 
and 4 supplies time-axis voltage for the 
cathode-ray oscillograph and operates 
the surge generator once for each cycle 
of power-supply frequency, which results 
in a stationary image of the fault-indi- 
cating wave on the oscillograph screen. 
For practical testing purposes, this equip- 
ment is mounted in a cabinet as shown in 
Figure 3 with the oscillograph at the top — 
and all controls below. 

In detail the whole circuit operates as 
described in the following paragraphs. 

The peaking transformer 1 trips the 
sweep thyratron 2 when its plate is on the 
crest of the positive half-cycle, thereby 


Me wer seers, ereetu eo | 
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1 Figure 3. Winding-insulation tester, 10 kv 
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Surge and ground 
applied alternately 
to terminals 1 and 2 


applying a positive impulse to point 3. 
This positive impulse, in addition to pro- 
viding one-half the sweep voltage, also 
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Figure 4. Winding-insulation tester records, 
single winding 


trips the tube 4 (which gives the negative 
half of the sweep), and the large thyra- 
tron 5. Tripping of 5 discharges capaci- 


6 
N 


Surge and ground 
applied alternately 
to terminals 1 and 2 
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Figure 5. Winding-insulation tester records, 
double winding 
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tance 6 through resistance 7 into the 
test winding 8 by way of the synchronous 
reversing switch 9. Capacitance 6 was 
charged on the previous half-cycle from 
transformer 10 through rectifier 11. 

The synchronous switch acts to send 
alternate surges in opposite directions 
through the winding 8 between terminals 
12 and 13. Terminal 14 is connected 
through a capacitance voltage divider to 
the oscillograph deflection plates. The 
wave shape shown by the oscillograph is, 
therefore, a resultant of the voltage at the 
neutral and the voltage induced in the 
phase to which it is connected. 

If the winding is perfectly symmetrical, 
the wave at the neutral and on the os- 
cillograph will be the same for either 
direction of surge travel, so that a single 
standing wave will be shown on the os- 
cillograph screen. If the symmetry is 
disturbed by a shorted turn or coil, in 
legs 12 or 18, a ground or improper con- 
nection, the two directions of surge travel 
will give different results and, conse- 
quently, two waves of different shape on 
the screen. Experience has shown that 
this connection arrangement is extremely 
sensitive to winding defects and that, to 
a considerable extent, the relative shapes 
and amplitudes of the two waves can be 
used to indicate the nature of the defect. 


IV. Specimen Winding-Insulation 
Tester Records 


The oscillograms of Figure 4 show wind- 
ing-insulation tester performance on a 
three-phase rotating machine winding. 
The tester circuit was arranged to give a 
voltage wave of (1 x 40) microsecond 
shape. This wave, shown at 1, was re- 
corded by connecting the oscillograph 
deflection circuit to the impulse input 
terminal 1 in the diagram. Oscillogram 
2 is the wave shape at the neutral of the 
motor winding obtained by connecting 
the oscillograph deflection at the motor 
neutral or point N on the diagram. It 
will be noted that the wave front at the 
neutral is considerably more sloping than 
the applied wave of 1, requiring some six 
microseconds to crest value. Only one 
trace is shown, indicating identical wave 
shapes, whether the wave is applied at 
1 with 2 grounded, or applied at 2 with 1 
grounded. Oscillogram 3 of Figure 4 
shows the wave shape at the end of wind- 
ing 3 with the characteristic standing- 
wave voltage oscillation agreeing with 
oscillogram of Figure 1 at the bottom of 
the left-hand column. Oscillogram 3 also 
shows only one wave, thereby indicating 
symmetrical conditions in phases 1 and 2. 
For oscillograms 4 through 12, the oscillo- 
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graph deflection is connected to terminal 
3, which is normal for production-line 
testing of windings. 

To illustrate the detection of winding 
faults, turn and coil short circuits and 
grounds were made at several points in 
leg 1 and oscillograms taken of the stand- 
ing waves on the oscillograph screen, 
Oscillograms 4, 5 and 6 show the two 
wave traces produced by one-turn short 
circuits at different points in leg 1, as 
indicated on the diagram at 4, 5, and 6. 

The two waves in each case are offset 
from each other sufficiently to con- 
stitute an unmistakable indication of the 
winding faults applied. In the same 
manner oscillograms 7, 8, and 9 show the 
offset waves obtained with a single-coil 
short circuit the differences in waves in 
each case being greater than for the single- 
turn short circuit. By stopping the 
synchronous motor and sending all im- 
pulses into terminal 1, and viewing the 
wave, and then into terminal 2 and view- 
ing the wave, it has been determined 
experimentally that these waves are 
above and below the no-fault wave of 
oscillogram 3. 

Oscillograms 10, 11, and 12 of Figure 4 
show wave shapes corresponding to ap- 
plied line-to-ground insulation faults at 
points 1, 5, and WN of the motor winding, 
Oscillogram 10 taken with the ground on 
terminal 1, of course, shows a zero de- 
flection line for the wave applied to that 
terminal. The single wave of 10 pro- 
duced by the surge entering terminal 2, 
corresponds to the double wave of os- 
cillogram 3. 

Oscillogram 11 also shows one low- 
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amplitude wave corresponding to the 
impulse applied at 1 with’ point 5 
grounded and a high-amplitude wave 
corresponding to the impulse applied at 
terminal 2. For oscillogram 12 the neu- 
tral was grounded, and the waves are 
superimposed because of the symmetry 
of this connection arrangement. 

These oscillograms and those of Figure 
5 which show wave shapes for a double- 
circuit wye connection illustrate the wide 
range of surge-voltage variations corre- 
sponding to possible insulation faults and 
connections. A detailed treatment of 
these is not possible within the scope of 
this paper. However, stated generally, 
these wave shapes are determined by 
the propagation characteristics of the 
impulse and the magnitudes and direc- 
tions of induced voltages in the leg con- 
nected to the oscillograph. The signifi- 
cance of all this in insulation testing of 
windings is to be found in the clear-cut 
manner in which insulation and connec- 
tion faults are disclosed by the two-way 
method of surge application and the 
standing waves on the cathode-ray os- 
cillograph screen. 


V. Conclusions 


1. Anew winding-insulation testing method 
for completed machine windings has been 
described. 


2. The new method applies suitably con- 
trolled voltage wave shapes to give the 
required turn and conductor insulation 
stresses for adequate testing practice. 


3. The new method provides for immediate 
detection of insulation faults and winding 
dissymmetries. 
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Moving Rubber-Tired Vehicles 
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Synopsis: The current flowing to ground 
from an automobile, whose rear wheels were 
turning on a dynamometer, was measured. 
The magnitude of the constant current 
measured, in the order of microamperes, 
shows that the vehicle is electrically charged 
by conduction through the tires. The ex- 
perimental results are consistent with the 
conception of a simple equivalent circuit. 
These results were checked by road tests. 
Calculation shows that the tires are usually 
conducting sufficiently to discharge a car in 
a short time after it has stopped moving. 


OMMON experience demonstrates 
that a rubber-tired vehicle in motion 
often accumulates a charge of electricity 
of sufficient magnitude to shock a person 
who touches the vehicle immediately 
after it comes to rest. 

It is known that this electric charge is 
produced when the rubber tires contact 
pavement and then separate from it. 
This phenomenon has recently been 
studied by Beach,! Cadwell, Handel, and 
Benson? and by Liska and Hanson.* 
These investigators studied the potentials 
developed and potential distributions 
around the tire. Most of our experi- 
ments were confined to the measurement 
of currents generated, rather than volt- 
ages. 


Paper 43-50, recommended by the AIEE committee 
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‘Theoretically there are two methods by 
which a vehicle can acquire a potential 
above ground caused by tire static. One 
method is by induction from the charges 
produced on the rubber tires. The other 
method is by the conduction of this charge 
through the rubber tires to the body of 
the vehicle. We have measured con- 
tinuous currents, as high as four micro- 
amperes, flowing to a grounded con- 
ductor from a car, under normal driving 
conditions. This continuous current 
can be produced only by conduction 
through the tires. It is well known that 
any charges produced on the body of the 
ear by induction from the charges on the 
tire, will produce only a momentary cur- 
rent when the vehicle is grounded, and 
cannot possibly maintain a steady current 
to ground. 

Inductive effects due to the existence 
of charges on the surface of the tires can 
produce the distribution of charges on 
the body of the vehicle that is necessary 
to maintain the body at one potential. 
The potential, however, is determined 
entirely by current flowing through a 
resistance. 


Experimental Results 


It is difficult to make accurate meas- 
urements of currents generated by mov- 
ing vehicles on the road. Accordingly, 
in the attempt to determine the currents 
generated, the first experiments were 
conducted on an engine-testing dyna- 
mometer stand. This device is essen- 
tially a large Prony brake. The rear 
wheels of the automobile rest on a large 
metal drum that is free to revolve at a 
rate corresponding to any desired road 
speed. 
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In making measurements of currents 
generated, the body of the car was 
grounded through a microammeter, the 
currents being large enough to come 
within the range of an ordinary instru-, 
ment. 

The rubber tires of a moving vehicle 
in contact with the pavement produce a 
difference of potential between the rubber 
and pavement, and a separation of 
electric charges occurs. The tire always 
acquires a negative charge. As the tires 
move from the contact position on the 
pavement, or on the dynamometer, the 
potential of the charges must increase. 
As the potential increases, the charges 
seek a path to ground. Our experiments 
have led us to the conclusion that two 
paths to ground are followed: 


1. Directly across the tires to the wheel hub 
and the car body, and from the car body to 
ground through the ammeter. 


2. Back along the surface of the tire to the 
grounded dynamometer, or, in the case of a 
moving vehicle, to the ground plane existing 
under the pavement. 


Thus, the equivalent circuit of a car 
on a dynamometer stand may be repre- 
sented by Figure 1. The current J 
generated at the tire tread has two paths 
to ground: 


1. To the wheel through the resistance of 
the tires, R,, to the car body and through 
the ammeter to ground. 


2. Back to ground across the surface of 
the tires, through a shunt resistance, Ry. 


Figure 2 is a typical curve showing the 
measured current plotted against speed 
of the rear wheels. This current flows 
from the body of the car to ground when 
the rear wheels revolve on the drum of 
the dynamometer. The data were taken 
with a 1941 Chevrolet having the stand- 
ard 6:00-16 tires. Various pressures 
were used, and a wide range of tractive 
loads was applied. In general, we found 
only a small increase in current with a 
considerable increase in load and only a 
small increase in the current with a large 
decrease in tire pressure. These results 
indicate that the charges produced are not 
determined primarily by the amount of 
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friction, but rather by the speed and sepa- 
ration of contact. 

The curve of Figure 2 is not a straight 
line but shows some decrease in the rate 
of production of the measured current at 
higher speeds. We believe that the total 

_ charge produced at the surface of the 
tire is directly proportional to speed at 
all the speeds indicated and that this 
falling off of current measured at high 
speeds is due to changes in the equivalent 
resistances, R, and R,, shown in Figure 1. 

With increased speed it is to be ex- 
pected that the tire temperature will 
increase. Rubber, as compounded and 
used in tires, has a negative temperature- 
resistance coefficient. Therefore, the 
tread and the surface of the tire near the 
tread, due to its higher temperature, will 
decrease in resistance more than the 
main body of the tires. Since most of 
R, resides in the tread and in the portions 
of the tire near the tread, R, decreases 
more than R,, as the speed increases. A 
greater portion of the total current 
generated thus goes to ground through the 
shunt path, and the readings of the am- 
meter flatten out. 

Figure 3 indicates that an increase in 
temperature will change the ratio of 
resistance R, to R,. This curve shows the 
current measured at a constant speed, 
plotted against time. Before this run, 
the tires were allowed to cool. There is a 
decrease in measured current for about a 
minute, and then a substantially constant 
value is reached. This manner of change 
of current measured is explained by as- 
suming that the ratio of R, to R, de- 
creases as the temperature of the tires 
increased. It is difficult to explain the 
observed change in current by anything 
other than the change of tire resistance 
with time. 

The experiment that indicated the 
existence of two paths to ground, as 
illustrated in Figure 1, was the following: 
A conducting mixture of lampblack and 
Karo syrup was applied to the side walls of 
the tires. The conducting film extended 
from the metal wheel hub to within an 
inch of the outer edge of the side walls 
of the tires. The tread was not coated, 
so that the charge-producing mechanism 
was not affected, and the same total 
currents as previously produced would 
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Figure 1. Equivalent circuit of 
a car on a dynamometer stand 


350-/ 


be generated at the tread of the tire. 
When the wheels were now set in motion, 
much higher currents to the car than 
previously encountered, were measured. 

On the assumption that the total cur- 
rent generated at the tread of the tire is 
unchanged at a given speed, these results 
indicate that the total current must split 
into two paths, as shown in Figure 1, and 
that the ammeter reads only a portion of 
the total current generated. 

Currents as high as eight microamperes 
at 40 miles per hour were obtained with 
a relatively thick coating of the conduct- 
ing mixture. The resistance of the side 
walls was so decreased that two electrodes 
spaced three inches apart, indicated a 
resistance of approximately 100,000 ohms. 

Furthermore, it is impossible to deter- 
mine directly the total current generated 
at any particular speed. This can be 
seen if the circuit elements of Figure 1 are 
considered to constitute a II network. 
From four-terminal network theory, it is 
known that three independent measure- 
ments must be made to determine the 
characteristics of the circuit. This means 
that two measurements must be made on 
one side of the network and one on the 
other. This is physically impossible, 
because no meters can be connected to 
that side of the circuit where the constant 
current J is being injected into the system. 

However, if external resistances are 
inserted in series with the ammeter, and 
the current change measured, certain 
interesting results may be obtained. It is 
readily determined that 
Loot mak, 
ae Tir,! where R, is the unlabeled 

external resistance in Figure 1. 


Ty i 


GURRENT TO CAR BODY - MIGROAMPS 


SPEED - MPH 


Figure 2. Typical curve of current measured 
from body of car to ground, as speed of rear 
wheels is changed 
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Thus, the reciprocal of the measured 
current for a given total current J, that 
is, for a constant speed, should vary 
linearly with the external resistance. 
The slope of the line is : . 


slope=1/IR, 


and the intercept is given by 


-tereent =2( RotRu 
intercep = I R, 


and therefore 


intercept a Pee Re 
slope 
Figure 4 shows the results of readings 
taken at a wheel speed corresponding to 
40 miles per hour. Extremely high re- 
sistances had to be added in the ammeter 
circuit to obtain these data. It is seen 
that a straight line, predicted by analyz- 
ing the equivalent circuit, is actually 
obtained. This curve gives a value of 
Ry + R, = 1,325 megohms. Further 
data, taken with the side walls made 
conducting, also yield a straight line; 
in this case, R, + R, = 34.6 megohms. 
Without a knowledge of the total 
current J, it is not possible to determine 
the exact value of R, and R,. However, 
an idea of the order of magnitude can be 
determined in the following manner: as 
mentioned, with a relatively thick con- 
ducting layer, currents as high as eight 
microamperes at 40 miles per hour have 
been measured. We may assume that 
this is approximately the total current 
generated at this speed, since without 
any conducting layer, and with no ex- 
ternal resistance, the measured current 
is 1.74 microamperes. 
The slope of the curve of Figure 4 is 


1/IR, = 0.43 X 107%. Substituting 
the value of J = 8 X 107°, we get 
R, = 290 megohms. Since R, + R, = 


1,325 megohms, then R, = 1,035 meg- 
ohms. 

These results give the resistance of the 
two rear wheels in parallel. Conse- 
quently, the equivalent resistances for 
one tire would be R, = 580 megohms, and 
Ry» = 2,070 megohms. 

This determination of R,, is in the range 
of the resistance between the hub of a 
wheel and a metal plate on which a tire 
is resting. The authors have made such 
measurements,‘ as have Cadwell, Handel, 
and Benson.? 

If we assume that the total current 
generated by the tires is proportional to 
speed, we obtain, on the assumptions 
previously stated, a “proportionality 
constant” of approximately 0.1 micro- 
ampere per mile per hour for each tire. 

It will be noted that the value shown on 
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% ‘or the current measured at 40 


or F pprosmmets one half! of 
current for this speed shown on 
Figure 2. Such changes were encountered 

over a period of time, and were probably 
caused by changes in the surface condi- 


a ie 


tions of the tires. 


Voltages Encountered 


The slope of Figure 4 is given by 1/IR,. 
Accordingly, the reciprocal of the slope 
is the voltage to which the vehicle would 
be raised if all the current were dissipated 
to ground through the shunt resistance. 
This situation is approximated when ex- 
tremely high external resistances, R,, are 
-used. For the data taken with the normal 
tire, this value is 


V =(1/0.43) X 108 =2,320 volts 


During these experiments voltages of 
_ this size were measured, and Beach! 
: likewise encountered voltages in this 
range, although somewhat higher. If an 
electrostatic voltmeter is applied to the 
Sar while on the dynamometer, instead 
of an ammeter, and one side of the volt- 
_ meter is grounded, then R, will be the 
_ resistance of the front tire and the surface 
_ leakage over the floor to ground. 

We made tests in which a layer of tin- 
foil was placed under the front tires, the 
tinfoil being insulated from the floor by 
rubber mats. The tinfoil was then 
grounded through the microammeter. 
As soon as the rear wheels started to turn, 
the microammeter indicated a current of 
about half the size previously encountered 
and a voltmeter connected between the 
car body and ground read several thou- 
sand volts. This, as stated above, is 
equivalent to inserting a very high resist- 
ance R, in the ammeter circuit of Figure 
i 

Those who previously made measure- 
ments of voltage, in attempting to analyze 


Table |. Data Obtained on Road 


Speed Current 
(Miles Measured Re 
Per (Micro- Meg- 


Hour) amperes) ohms Remarks 


Og eai'e' Sia UA oo 0...All tests were made on 
an asphalt pavement 

20s a BSS Sissel oie 0 

HO ates Oat orets 100 

LOE osepakelc Ae Oiehetsss 0...Conducting carbon 
layer on all four 
tires 

iG) sean DRO e estes 0...Both mght tires on 
grounded railroad 
track 

AG er raren at DO: Beat rete 0...Conducting carbon 
layer on right two 
tires, on railroad 
track 

TOP s..¥2 Me ORs ere 60. ..Conditions as above 
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Figure 3. Variation of current to car body 
with time, wheel speed being held constant 
at 40 miles per hour 


the problem of the tire static, were per- 
forming this experiment, without realiz- 
ing that the voltages measured could be 
correlated directly with an JR drop 
through the front tires. 


Road Tests 


Data were also taken with vehicles 
actually in motion. However, it was 
rather difficult to get good readings. 
First of all, other cars passing nearby 
would induce temporary currents of the 


Figure 5. Equivalent circuit of 
a car moving on a highway 


order of magnitude of those being 
measured. Mechanical meters, sensitive 
enough to read the current generated, 
were not rugged enough to stand the 
inevitable shocks received in a moving 
vehicle. Electronic meters were too sus- 
ceptible to outside influence, such as 
power lines, and so forth. Despite this, 
the data obtained checked well with what 
might be anticipated from the dyna- 
momieter tests. 

In the road tests, a chain about ten 
feet long was dragged in a railroad track, 
serving as a constant ground. The chain 
was insulated from the car by means of a 
wax-impregnated rope which also served 
as the strain absorber. The wire leading 
to the ammeter inside the car was in- 
sulated from the metal of the car by 
vacuum-held rubber cups. Accordingly, 
measurements could be made correspond- 
ing to J,, of the dynamometer experiments. 

The most reliable data for the operating 
conditions detailed are listed in Table I. 
It is seen from this table that the order of 
magnitude of currents generated is that 
obtained on the dynamometer. Closer 
correlation is scarcely to be expected. 
The materials producing the charges were 
different: that is, on the dynamometer 
the rubber contacted metal, while in 
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Figure 4. Reciprocal of current measured 
versus external resistance in ammeter circuit 


Speed—40 miles per hour 


these tests the rubber contacted asphalt 
paving. 

We may see further, from the data 
taken with the right wheels in the 
grounded track, that reducing the value 
of the leakage resistance to ground will 
reduce considerably the amount of cur- 
rent going to the car. On the dynamome- 
ter stand, the path R,, as mentioned 
previously, was the rubber between the 
charges and the grounded dynamometer, 
while on the road, the pavement resist- 
ance is added. Therefore, driving on the 


afo-5 


tracks should reduce the current to the 
car, since the leakage path to ground is 
now one of lower resistance. With the 
wheels on the track, additional resistance 
in the grounded part of the circuit has a 
much greater effect than if the wheels are 
not in the track, as may be seen from 
entries 3 and 7 in Table I. Figure 1 
shows why this should be so. With the 
wheels in the track, R, is relatively small; 
hence putting in additional resistance R, 
will force more of the generated current 
through the leakage path to ground, thus 
decreasing the ammeter reading. 

It is believed that the potential of a car 
in motion is determined primarily by the 
current produced by tires leaving the 
road. Other effects such as wind resist- 
ance and so forth, are believed to play 
only a minor role. 


Conclusion 


Figure 5 shows the equivalent circuit 
for a car moving om a road with uniform 
speed. In this circuit the capacitor C 
represents the capacitance of the car to 
ground. Obviously, once enough current 
has flowed through R,, to charge Cup toa 
voltage equal to [R,, then all the current 
will flow back to ground, and no more will 
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flow to the body of the car. Thus, the 
car does not charge up indefinitely; the 
voltage to which it will rise is given by 
ERS 

In order to decrease the potential ac- 
quired by a vehicle in motion, two meth- 
ods may be used; 


1. To reduce the amount of total charge 
produced. A method of doing this has al- 
ready been proposed.? 


2. To use tires with conducting tread and 
side walls. This would reduce the resistance 
R, and, consequently, decrease the vehicle’s 
potential. 


Experience has shown that very seldom 
is a car sufficiently charged to give a 
static spark when driven into a service 
station. Even if we assume that a vehicle 
is brought to rest with a relatively high 
charge, this charge quickly leaks to 
ground. We have measured the resistance 
of the tires of a number of cars when at 
rest and found this resistance to be ap- 
proximately 3 X 10° ohms for four tires 
in parallel.4 The capacitance of a car 
is approximately 750 micromicrofarads. 
If we assume that a car is brought to rest 
with a potential of 3,000 volts, then we 
can make a rough calculation of the time 
required for the vehicle to discharge to 
300 volts, which is the minimum sparking 
potential. 

From the usual capacitor-resistance 
discharge equation 


t 
V=V,e Re 


Substituting V = 300, V, = 3,000 R = 
3X 10°, C = 750 K 10°? we find t = 5.2 
seconds. 

Furthermore, we have found in the 
laboratory that a capacitor of 750 micro- 
microfarads will produce a spark capable 
of igniting a combustible mixture of 
gasoline vapor and air, only if charged to 
a potential of several thousand volts. A 
spark may occur at a lower voltage, but 
it lacks the characteristics necessary to 
ignite a combustible mixture of gasoline 
vapor and air, 
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Pilot-Wire Circuits for Protective 


Relaying—Experience and Practice 


AIEE COMMITTEE ON PROTECTIVE DEVICES 


RELAY SUBCOMMITTEE 


ECAUSE of the increasing use of 

pilot-wire relays, particularly for 
longer lines, the relay subcommittee 
initiated an investigation of the operating 
experience with the pilot channel itself. 
From this investigation it was hoped to 
determine the requirements for a reliable 
pilot channel. Unfortunately, the in- 
formation obtained to date is not con- 
clusive, and under war conditions the 
completion of this investigation appears 


It should be remembered that the 
recent increased use of pilot-wire relay 
schemes has been occasioned by the de- 
velopment of new relays to give both 
phase and ground-fault protection over 
only two pilot wires. Because of the 
short history of these new developments, 
this report necessarily gives a rather in- 
complete picture of their performance, 
since it is influenced disproportionately 
by the much longer period of use of the 


Table A 


——= 


Protection 
at Terminals 


Privately Owned Circuits 


Leased Circuits 


Carbou blocksy 7. o.c..:0 1s tae oe 6 circiits Of 2.companies.,- cite enicisis eee © 41 circuits of 9 companies 
ALY PADS. accvaueieicterrttas eet ata renee 10circuitsiof Zicompatiies. 0.0 ...6..002 04 lcircuit of 1 company 
LEY TiCe ss ak:..75 ogc ee eects 7 CInCWUts.O£ so | COMLPANIES o..), ciel a a)e)e pelayaiere lcircuit of 1 company 
Protectivetubesasnd. sucieriene 17 citeuits of 42 COnmpanies:, 5.4.2.1) eres None 
VaACWIIMh. aps acts we wat eecesiaae 4 circhitsio£f 2 companies. W). css. a = este None 
FS8 oc ste ecuteteve Peers teehee ate a 16'circuits of 6 companies.........--:.--. 19 circuits of 4 companies 
Beat coil sitive: Sicituaie sec teret siete Zewcutsot Mcompany Fig canis apc ose 6 circuits of 2 companies 
NORGE. Stes oe oe oe ta oes 320 circuits of 10 companies...............- 10 circuits of 2 companies 
Not ‘specified... =... ne tenuis clk oars 1 circuit: of © 1 company co. 32s 6a eee lcircuit of 1 company 

Protection at 

Intermediate 

Point 

Carbon blocks. cree ciciee 2 circuits of 1 Cconrpanye. aeence ee eee 48 circuits of 10 companies 
Ad? Gaps Negi k at oho CREE ee ee 7 circuits of » company o.. os.ccue sole ecieee None 
USCS vic eee aehe Crimtaied kat Gee aes eeea ater oke 6 circuits of 2 companies: 5.2. con. dace c Ss 15 circuits of 3 companies 
Heat’ coilstoter at cca aie ams eestor Zicirciuits.oL 1 companys aes eee 24 circuits of 7 companies 
INOf1e% (5. ere cee s cieaudione «eevee ee 96\cireuits of G6 companies. o0 57... oee eee 2 None 
Not:specifiedit me acti oes. We tee 273 circuits of 14 companies: 2.2, 7s ec a.5 0 ee lcircuit of 1 company 


to be delayed unavoidably. On the 
other hand, plant expansion necessary to 
the war effort frequently has called for 
quick decisions on relay schemes, and 
pilot wires have been used in many cases. 
Because the pilot-wire channel is the 
least known item in the pilot-wire relay 
scheme, the committee has decided to 
publish the information now available 
to indicate the trend, so that prospective 
users of pilot-wire relaying may have the 
benefit of this preliminary work. Inves- 
tigation will be continued as actively as 
conditions permit and anotherreportissued 
as soon as sufficient data are available. 


Paper 43-27, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 12, 1942; made available for printing 
December 29, 1942. 


Personnel of the working group on pilot wires of 
the relay subcommittee: W. K. Sonnemann, 
sponsor; J. H. Neher, former sponsor (now with 
the United States Navy); J. C. Bowman, W. R. 
Brownlee, R. E. Cordray, R. F. Davis, L. L. Draper, 
E. E. George, S. Goldsmith, E. L. Harder, H. F. 
Lindemuth, W. E. Marter, P. N. Sandstrom, A. W. 
Walton, E. M. Wood. 


Puilot-Wire Circutts 


older schemes. Further, it is probable 
that, in some of the cases where phase or 
ground-fault protection only is reported, 
the circuits would have been protected for 
both, had the newer schemes been avail- 
able at the time. Also, the use of the 
newer schemes probably will increase the 
average length of pilot-wire circuits, 
because of their ability to operate over 
longer distances. 

This report is based on the replies of 
32 companies covering 436 circuits used 
for protective relaying. The information 
thus obtained covers 1,351 route miles 
of pilot-wire circuits and a period of 
5,570 circuit years. 

The following information, some of 
which is elaborated on later, would 
appear to be particularly significant. 


1. Eighty-seven per cent of the circuits are 
privately owned, nearly all of which are in 
lead-sheathed cable. The average length is 
three miles. The longest circuit is 26 miles. 


2. Two thirds of the circuits are installed 
on the same right of way or in the same duct 
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Company Designation ~ 


Table II. Circuit Details and Performance 
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1 2 3 6 6 7 8 6 10 11 12 12 
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7 20 5c 1s) 4 
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Average length (miles)... .2.0 3.0 0.3 5.2 2.3.. 1.5 1.7 3 ie a4 3.8 1.9 
Maximum length (miles). .2.0 3.0 One Wor g atone ual) 2.0 .8 ones d . 
Pilot-Circuit Performance 31 
Mile-years of operation. .0 .208 1.0 529 147, 6,000 57 21 7.4 ..292 -178 
Total number of out- 
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(a). R—Rubber 


Pr anet \ thickness as specified 


(5). Symbols for protective features 
AG—Air gaps 
C—Carbon blocks 
F—Fuses 


system as the power cables. The rest are 
leased circuits or privately owned telephone 
cables which generally are located at a 
distance from the power circuits. 


3. All but two of the circuits are metallic. 
In these two cases ground return circuits are 
employed. In six cases the circuits are 
used for other purposes besides relay protec- 
tion. 


4. A'though automatic supervision is used 
only on 18 per cent of the total installations 
and by 50 per cent of the companies report- 
ing, nearly every company reporting indi- 
cated that it would use automatic super- 
vision on future installations. 


5. Theservice continuity reported based on 
5,570 circuit years indicates an average out- 
of-service time of less than 0.0335 per cent. 
It appears that the interruptions on the 
leased circuits are more frequent but of 
shorter duration than on the privately 
owned circuits. An analysis indicates 1.32 
interruptions per circuit year, with an 
average of 3.54 hours outage per circuit year 
for the leased circuits, while the privately 
owned circuits have an outage once in 1.74 
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H—Heat coils 
PT—Protector tubes 
T—Thyrite 

V G—Vacuum gaps 


(c). Symbols for potential gradient protection 
C—Coupling transformers 


years, with an average outage time of 2.92 
hour per circuit year. The out-of-service 
time includes ‘‘planned interruptions,’ or 
circuit rearrangements. 


6. Carbon block and fuse or heat-coil pro- 
tection is applied to most of the leased cir- 
cuits, both at the terminals and en route, and 
special tagging is employed in the various 
exchanges. Only 20 per cent of the privately 
owned circuits are provided with terminal 
protection. Seventeen circuits are reported 
as being equipped with neutralizing trans- 
formers. 


Circuit Details 


Ownership. Fifteen companies re- 
ported 58 leased circuits, while 20 com- 
panies reported 378 privately owned 
circuits. Only three companies reported 
having circuits of both types. 

Construction. As previously indi- 
cated a large majority (367) of the pri- 
vately owned circuits and apparently all 


Pilot-Wire Circuats 


D—Drainage equipment 

J—Insulated relays 
(d). Over 95 per cent of outages are “planned 
interruptions.” - 


(e). C, H,and F at intermediate stations also. 


(f). Some planned outages for circuit changes. 


of the leased circuits are in cable. The 
size of the conductor in the privately 
owned cables ranges from number 6, 
where the cable is used exclusively for 
pilot-wire relaying, to number 22, where 
the cable carries telephone and super- 
visory circuits as well as pilot-wire cir- 
cuits. The larger wire sizes are generally 
rubber covered. In most cases lead 
sheathing is employed. 


Electrical Characteristics. Although 
the average length of the circuit reported 
is three miles, in several cases circuits of 
15 to 26 miles are in operation. The 
resistance ranges from a few ohms to as 
high as 2,675 ohms. 

In certain cases involving leased cir- 
cuits, loading coils are employed. It 
appears that these loading coils are an 
inherent part of the circuit facilities 
leased and are not introduced specifically 
for the pilot-wire system. None of the 
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(h). Special tests showed maximum Gedaced volt- 
age to ground of less than 565 volts. 


(4). One mile rubberinsulated. Some cable 1,500 
volts to ground, and some 3,500 volts to ground. 


relay schemes were reported as actually 
requiring the use of loading coils for their 
proper operation. 

Terminal and Intermediate Protection. 
It appears that, in most cases, standard 
telephone protective equipment such as 
carbon blocks, fuses, and heat coils is 
applied to leased circuits at the various 
telephone exchanges through which they 
pass and also at the line terminals in the 
power stations. Some of the privately 
owned circuits are treated similarly at 
the line terminals. Air gaps, vacuum 
gaps, and Thyrite are employed. The 
reported terminal and intermediate pro- 
tection is shown in Table A. 

At times of ground faults on power 
systems, a considerable difference in 
potential may exist between the power- 
station ground as represented by the 
primary relay equipment and true ground 
as represented by the pilot-wire circuits. 
Certain questions were asked with the 
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(k). 4.13 miles number 19 double paper insulation. 
0.35 mile number 4 rubber insulation. 


(D). All cable failures. Present condition believed 
to be capable of better performance. 


intent of determining if this was a serious 
problem and how it was cared for. Un- 
fortunately the intent of the question was 
in many cases misunderstood, and the 
replies received lead to the belief that in 
many cases this problem has not been 
given due consideration. In certain 
cases, however, neutralizing transformers 
have been installed and in other cases 
highly insulated relay assemblies or in- 
sulating transformers have been indi- 
cated. Although insulating transformers 
constitute a component part of many of 
the pilot-wire protective systems em- 
ployed, nevertheless, in some cases the 
insulation value of this equipment has 
been nullified with respect to the super- 
visory equipment installed on the line 
side and connected to the power-station 
ground. 

The reported potential gradient pro- 
tection and grounding practice is shown 
in Table B. 
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(n). Ground return circuit. 


NS. Not specified in reply to questionnaire. 


Circuit Performance 


Service Continuity. Table C indi- 
cates the record of pilot-wire outages of 
26 companies. 

Causes of Pilot-Wire Outages. The 
cause of pilot-wire outages reported by 
nine companies covering 409 circuit-years 
is shown in Table D. 

Trouble Due to Induction. Trouble 
due to induction or surges was indicated in 
20 per cent of the circuits reported. 
Apparently the majority of these troubles 
have been corrected. 


Protective Relay Systems 


As a matter of incidental interest, 
information was obtained in regard to 
the relay systems utilized. 

Types. The following general types 
of pilot-wire protective systems were 
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17 circuits of 5 companies 


Neutralizing transformers...............2++ A AHOnEHEO O00 OOS SOMUAOTORD O ircui i 
Vine-couplingstranstormers): <i ceieists s+ icles ssteiers sien eiersrezene eel als Eitan 102 circuits of 19 companies 
Insilated telay eq ttpimente\re ceteris tereiis| cele eis oreleu conse ons) sleleerersiaye cnet ersLehs 278 circuits of 14 companies 
No protection........ oso GOOODOG PO aha sits noes eee ieretenelevelopelsiszeiye wiiels.ake 50 circuits of 9 companies 


298 circuits of 9 companies ‘ xi 
14 circuits of 2 companies with neutralizing transformers 


21 circuits of 5 companies with coupling transformers y 
7 circuits of 2 companies with both neutralizing and coupling transformers 
256 circuits of 6 companies with neither neutralizing nor coupling transformers 


Grounded to pilot cable sheath...........-++++95 3 circuits of 2 companies 
Grounded through station battery equipment..... 4 circuits of 1 company 
{so circuits of 13 companies 


Ungroundedee names 


30 circuits of 6 companies with coupling transformers 


Grounded to station ground.............+++-+++ i 
11 circuits of 2 companies grounded at one end only 


6 circuits of 3 companies with coupling transformers 


17 circuits of 5 companies 
Grounded to a remote ground.............+++: 1 
6 circuits of 1 company grounded at one end only 
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3 This item was reported as over 95 per cent “‘planned interruptions.’’ Companies with new installations 
with less than one year of operating experience are not included in this table. 


reported covering 436 circuits of 32 These circuits furnish protection as 


companies. follows: 
Directonalecompart: Phase faults only...... 48 circuits of 7 companies 
SOD 5 she rehevons reavenatenene 76 circuits of 16 companies i ag palys a » 22 circuits of 3 companies 
Transferred trip....... 20 circuits of 6 companies f : It Ma ate 366 circui 3 
Blocking eesenven. ote 9 circuits of 5 companies bala DORR DT OH A Sr 6 circuits of 31 companies 
Two-wire—a-c........ 288 circuits of 18 companies - 4 : 
Three-wire—a-c....... 21 circuits of 6 companies Backup PIOtechiOn, 1s employed on the 
Four-wire—a-c........ 25 circuits of 3companies majority of circuits. 
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Performance. The performance rec- 
ord based on 406 circuits of 25 com- 
panies having 5,500 circuit years experi- 
ence indicates a total number of 381 
faults on protected lines with 368 (96.5 
per cent) correct relay operations. In 
addition, a total number of 89 incorrect 


Table D 


aed 


—= 


t 
Circuit rearrange- 


Short circuits....... 

Defective terminal 
equipment........ 46 

Open circuits....... 37 


87 (6 of which were grounds) 


trippings was reported. Information 
available, however, indicates that a con- 
siderable number of these occurred during 
the first few months of service. 

Testing Practice. A total of 30 per 
cent of the circuits are tested yearly, 66 
per cent semiannually, 2 per cent every 
three months and 2 per cent every month. 
It appears that the presence or absence of 
automatic supervising equipment has no 
influence on the frequency of test. In 
addition certain circuits not equipped 
with automatic supervision are checked 
for continuity, either daily or on every 
shift. 


Conclusions 


In conclusion it may be stated that an 
analysis of the replies received indicates 
that pilot-wire circuits have performed 
in a satisfactory manner and that the 
use of this form of protection is increasing. 
Certain difficulties experienced initially 
have been overcome successfully ‘in 
practically all cases. Only one com. 
pany reported the discontinuance of this 
form of protection because of unsatis- 
factory experience. 

The replies to the questionnaire as 
received from the various operating com- 
panies have been tabulated and are given 
in Tables I and II. 
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ynopsis: The paper discusses the various 
methods that have been used in cooling 
ower transformers by forced circulation of 


the cooling medium, and points out the 
benefits 


1. To the war effort in the saving of critical ma- 
terials. 


2. To the user in first cost, shipment, installation, 
station layout, and mobility. 


The selection of proper control equipment 
is analyzed from the standpoint of protection 
and reliability of forced cooling. 

The relation between hot-spot and aver- 

_ age winding temperatures and the future for 
forced cooling after the war is discussed. 


_ General 


FEW years ago a study made of the 
; service experience with transform- 
ers indicated that a satisfactory level of 
reliability had been reached. It was de- 
cided then to direct the major efforts of 
developmental work towards greater 
economy of transformer application by 
making savings in material, space, and 
weight and at the same time maintaining 
the level of reliability demanded by in- 
dustry. To accomplish this aim many 
novel ideas were incorporated into a new 
transformer design. A developmental 
single-phase transformer of 14,500 kva, 
135,000 to 11,000 volts was built. Figure 
1 shows the core and coils with cover and 
bushings attached. In this novel unit 
radical savings in weight and dimensions 
were made as compared with a conven- 
tional self-cooled transformer of the same 
rating having the same electrical charac- 
teristics. Data obtained on this trans- 
former demonstrated that such savings 
can be realized. 

Further saving would have resulted 
from the use of the high-permeability 
cold-rolled silicon steel used in wound-core 
transformers. 

This transformer was metal-sealed and 
designed to be shipped completely as- 
sembled, filled with insulating liquid, and 
with bushings in place. 

The windings were made concentric 
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mitted December 7, 1942; made available for 
printing December 21, 1942. 


K. K. PatueEv is research and design engineer, and 
L. H. Burnuam is electrical engineer, both with 
General Electric Company, Pittsfield, Mass. 


May, 1943, VoLUME 62 


Cooling Power Transformers by Forced 
Circulation of Cooling Medium 


L. H. BURNHAM 


ASSOCIATE AIEE 


cylindrical type which are ideally adapted 
to forced cooling. A cross section of these 
windings is shown in Figure 2. Forced 
cooling was one of the most important 
features of this new design. 


I. Benefits to the User of Forced- 
Cooled Transformers 


1. Significant reduction in the first 
cost of the transformer due to great re- 
duction in total material. 


Figure 1. Internal view of a single-phase 

14,500-kva 135-kv grounded-wye power 

transformer cooled by forced-air and forced-oil 
flow 


2. The greatly reduced weight results 
in: 
(a). Saving in transportation cost. 

(b). Saving in installation expense, both 
in the foundation and handling. 


(c). Almost doubling the maximum kilo- 
volt-amperes that can be shipped completely 


Ly 


Paluev, Burnham—Cooling Power Transformers 


assembled, where weight is the limiting 
feature. 


3. A reduction of about 50 per cent in 
over-all volume of transformer means: 


(a). A saving in floor space and head room 
of installation. 


(b). 


(c), Raising to about three times the maxi- 
mum kilovolt-amperes of a transformer that 
can be shipped assembled, where size is the 
limiting feature. 


Hasier handling operations. 


4. Shipping the transformer com- 
pletely assembled with all cooling equip- 
ment attached means: 


(a). Economy of time and money at instal- 
lation which may amount to several thou- 
sand dollars per transformer, for a very large 
unit. 


(b). Greater security of operation because 
of elimination of field work. 


5. Shipping transformers completely 


S ELECTROSTATIC 
SHIELD 


Figure 2. Cross section of top end of windings 
of transformer in Figure 1 showing directed oil 
flow 


4 
assembled permits metal sealing of prac- 
tically all oil joints, such as bushings, 
cover, and so forth, and means: 


(a). 
(b). Permanence of tightness of joints, with 


greater strength. 


(c). A reduction in the chances for oil 
contamination by moisture and oxygen from 
the air. 


Elimination of practically all gaskets. 


6. In transformers where the watts 
per square inch dissipated are low, or 
where the turn and coil insulation is rela- 
tively thin, there is a reduction in the dif- 
ference between the average temperature 
of the winding and the hottest spot. This 
permits overloading of the windings with- 
out exceeding 65 degrees centigrade hot- 
spot rise, thereby gaining in economy of 
transformer design without a reduction 
in reliability. 
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7. Remote installation of cooling 
equipment may be applied to either new 
or old transformers; this introduces new 
possibilities in station layout with the 
opportunity of utilizing the heat dissi- 
pated by the cooler. 


II. Reliability 


For some decades large transformers 
have been built with forced circulation of 
the oil, generally cooled by an oil-water 
cooler, with the oil circulated through 
both the transformer tank and the cooler 
by means of a pump. Several million 
kilovolt-amperes of transformers built in 
this way are in service today. Each unit 
is provided with its pump and cooler. 
Service experience has been entirely satis- 
factory, except for the inconvenience 
occasioned by the leakage of oil through 
the stuffing box of the pump and also the 
maintenance of the stuffing box. Instances 
of large installations of the oil-water 
cooled-type transformers built by the com- 
pany with which the authors are associ- 
ated are 28 units of 26,667-kva 161-kv 
single-phase transformers and 10 units of 
27,500-kva 230-kv single-phase 
formers. 

An application of the oil-air cooler 
type made about a decade ago includes 
several 25,000-kva transformers which 


trans- 
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Figure 3 (above, and right). 
One of the first applications of 
oil air coolers with finned tubes 
used to cool transformers by 
forced circulation of oil and air 


were cooled by forced circulation of oil 
through the transformers and through 
the fin-type coolers with a blast of air 
forced rapidly across the external surface 
of the fin tubes (Figure 3). 

During the past several years, a large 
number of forced-cooled transformers 
have been built for use on electric locomo- 
tives as shown in Figure 4. This trans- 
former design was the result of a joint 
undertaking by the Westinghouse Elec- 
tric and Manufacturing Company and 
the General Electric Company.** In this 
transformer, the Askarel,* cooled by a 
rapid blast of air, was not only forced 
through the cooler, but also directed and 
forced through the coil ducts in the wind- 


ings at a velocity much higher than nor- 


mally created by the thermal head pro- 
duced by the losses in a transformer wind- 
ing. Also, it is many times the velocity 
used in the transformers previously men- 
tioned, where the oil-water and the oil- 
air coolers were used. An excellent serv- 
ice record has been maintained in this 
locomotive application. 


* Noninflammable synthetic insulating and cooling 
medium. 


rected forced-oil flow 
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Figure 4. A 4,850-kva 12-ky 
electric-locomotive transformer 
cooled by forced-air and di- 


Service experience with small cooling 
fans for over a decade has been unusually 
successful, since over 15,000 of these fans 
have been installed on air-pressure cooled 
transformers, Type OAP, totaling mil- 
lions of kilovolt-amperes and to the best 
of our knowledge without a failure of one 
fan or its motor.®.”® Furthermore, much 
experience with fans and fan motors was 
secured with air-conditioning devices 
used for industrial purposes. 

Based upon this extended field experi- 
ence in the application of oil pumps, mo- 
tors, and fans, we felt justified in pre- 
senting this type of station and portable 
transformer, which utilizes all of these ac- 
cessories (Figures 5, 6, 7). The interest 
shown in this new development during the 
last few years confirms this viewpoint. 

While in the present emergency the 
scarcity of materials gave strong impetus 
to the use of forced-cooled transformers, 


Figure 5. A 40,000-kva 135-kv power trans- 
former cooled by forced-air and forced-oil 
flow 
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the development and application of this 
type of transformer was undertaken be- 
fore the emergency and was justified by 
normal conditions. 


Ill. Nondirected- and Directed- 
Flow Forced-Cooled Transformer 


There are two types of forced-cooled 
transformers: those with nondirected and 
with directed flow of oil through the wind- 
ings. 
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Figure 6. A 2,500-kva 33-kv 
mobile substation with trans- 
former cooled by forced-air 
and directed forced-oil flow 


Whenever the oil from the pump flows 
freely inside the tank, with the flow of oil 
through the windings produced by the 
thermal head or natural convection, the 
transformer is a nondirected-flow type 
(Figure 3). 


On the other hand, if by the use of oil» 


stops or baffles, the principal part of the 
oil from the pump is forced to flow 
through the windings of the transformer, 
it is a directed-flow tvpe (Figures 1, 2, 4). 


~, SEE Ae 
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Flange containing 
glass bushings to 
motor cables 


Outiet box 
to motor 
bushings 
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Figure 7. External 
views of  oil-im- 
mersed motor pump- 
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Gasket seals 


ing units ees 
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With nondirected flow, the advantage 
gained by forced cooling is that the oil is 
cooled to a predetermined value, which 
permits the use of a shorter tank and a 
reduction in size, weight, and cost of the 
cooling means (see item 4 of Table I). 
Some reduction in the amount of mate- 
rial used in the core and windings is pos- 
sible. 

With directed flow, additional savings 
are possible in the material used in the 
core and winding, resulting in a further 
reduction in the total weight of the trans- 
former, as shown by items 5 and 6 of 
Table I. 

In both of these cases, the cooling 
equipment alone occupies abcut ten per 
cent of the volume and 25 per cent of the 
weight of radiators required by a self 
cooled transformer to dissipate the same 
loss with the same oil rise. ; 

Nondirected flow may be applied to 
transformers already installed, either to 
increase the output, or to eliminate the 
use of water in water-cooled transformers. 

For application of directed flow, a 
standard line of very economical cooling 
equipment has been developed and covers 
the entire range of power transformers. 
To obtain minimum cost, advantage was 
taken of mass production of these forced- 
oil forced-air coolers. 

The fan motors are protected by over- 
load relays built into the motor to prevent 
damage, in case of accidental stopping or 
blocking of the fan (Figure 8). 

To eliminate the troubles with pump 
stuffing boxes, and to further increase re- 
liability of the pump, a variety of oil- 
immersed motor pumps has been de- 
veloped to serve transformers for the vari- 
ous applications (Figure 7). The motor is 
immersed and rotates in the transformer 
oil, which circulates continuously through 
the motor jacket, to cool the motor wind- 
ings and to lubricate the bearings. 


Bleeder pipe to motor 
windings and bearings 


By Flow 
a 


Outlet . 
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IV. Cost of Forced Cooling 


The cost to the user of coolers with 
forced flow is not limited to the cost of 
the cooling equipment alone but must 
also include the cost of the capitalized 
power input to operate the fans and pump 
motors. In addition, the cost of the cool- 
ing water must be considered whenever 
forced-oil forced-water coolers are used 
(Figure 9). Figure 10 shows the relation 
between the relative cost of the cooler 
and the power input to the cooling me- 
diums—also the combined cost of the 
power and the cooler. Various pro- 
nounced economical balances exist be- 
tween the cost of the cooling equipment 
and the cost of power input. 

Wherever capitalization of power is 
high, further economy in operation may 
be obtained by sectionalizing the cooling 
equipment, controlling it by the tempera- 
ture of the windings or the oil, and using 
only that portion of the cooling equipment 
necessary to maintain the desired tem- 
perature. It should be noted, however, 
that this practice causes a reduction in 
insulation life. 


V. Hot-Spot Temperature of the 
Winding 


The life of a transformer winding de- 
pends upon the temperature of its hottest 
spot and not on its average temperature. 
A margin of ten degrees centigrade be- 
tween the average and the hot-spot tem- 
perature is specified by AIEE rules, be- 
cause the measurement of the tempera- 
ture of hottest spot during the commercial 
acceptance test is impractical. 

The heat generated in a winding con- 
ductor, depending on the position of the 
conductor in the winding, passes consecu- 
tively through from 9 to 12 thermal 
regions before it reaches the ambient 
cooling medium, whether it be water or 
air. The temperature drop through each 
one of these regions is governed by a dif- 
ferent law, but in spite of this our de- 
velopmental and commercial tests indi- 
cate that the average temperature of a 
transformer winding cooled by thermal 
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Winding Tank Radiator Radiator Radiator Weight 
I. “Thermal flow:).... Thermal flow...... Thermal flow...... Thermals hows ast ae 100 
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Water-cooled and forced-oil forced-water transformers are not included. 


oil circulation can be computed within one 
to three degrees centigrade. 

The causes for differences in tempera- 
tures in various parts of the windings may 
be grouped in four classes; solid insula- 
tion, distribution of losses, velocity of oil 
flow, and oil temperature gradient. 

Solid Insulation. From the stand- 
point of temperature, solid insulations 
between copper and adjacent oil can be 
subdivided as follows: 


1. Insulating tape on coils. 


to 


Turn insulation. 
Spacing strips and channels. 


Insulating collars. . 


Layer insulation. 


Distribution of Losses. Heat gener- 
ated in the copper of the various parts of 
the winding may vary because of: 


1. The variation in eddy loss caused by the 
difference in location of the coil or turn in 
the leakage flux field. 


2. Differences in eddy loss due to variations 


in the size of conductor and its width and 
thickness. 


Figure 8 (left). 
Three-fan section of 
oil air cooler 


Figure 9 (right). A 

7,250-kva 69-kv 

power _ transformer 

cooled by forced 

water with forced-oil 
flow 
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3. Unequal current distribution between 
parallel conductors in the case of imperfect 
transpositions of these conductors. 


Velocity of Oil Flow. Variations in 
velccity of oil flow may be caused by: 


1. A change in cross section of an oil duct. 


2. ‘The distribution of oil between parallel 
oil ducts of unequal hydraulic resistance, 
caused by difference in length or cross sec- 
tion of the duct, and disposition of the 
spacers and insulating collars. 


3. The interference of the core leg in 
interleaved winding construction. 


Oil Temperature Gradient. The tem- 
perature of tke oil in its course through 
the winding increases continucusly as the 
oil absorbs heat from the coils. 


VI. Comparison of Temperature 
Distribution in Self-Cooled and 
Directed Forced-Cooled Windings 


Since one of the main advantages of 
directed forced cooling of transformers is 
the radical reduction in weight of the 
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the copper loss per pound of 
ng s higher in forced-oil cooled 
self-cooled transformers. On the 
land, in forced cooling, where the 
] eat transfer from the winding to the oil 
is more effective for a given temperature 
rise, relatively smaller winding surface 
needs to be exposed to the oil. For these 
two reasons, the watts per square inch of 
winding surface exposed to oil in a di- 
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ee 


COST OF EQUIPMENT 
———— GOST OF POWER 
TOTAL COST 


FORCED AIR 
FLOW, FORGED 
Oil FLOW 


COST IN PERCENT OF SELF-COOLED TRANSFORMER 


Figure 10. Relative cost of cecling trans- 
former oil as a function of the power input to 
the cooling equipment 


rected forced-oil cooled transformer is 
usually considerably greater than that 
‘used in a self-cooled transformer. 

Furthermore, because of improvement 
in the space factor of the windings and the 
use of a smaller core section, the leakage 
flux density may be substantially higher 
than in self-cooled transfcrmers. 

Therefore, the temperature variations 
produced by nonuniform distribution of 
solid insulation and of losses are greater 
in directed-flow forced-cooled transform- 
ers than in self-cooled transformers. 

In self-cooled transformers the motive- 
force causing heat-bearing oil to move 
away from hot surfaces increases with the 
amount of heat dissipated. Therefore, 
every part of the winding exposed to the 
oil and dissipating heat provides its own 
local motive force to carry away the heat. 
This tends to reduce the difference in tem- 
peratures produced either by restrictions 
to oil flow or by variation in heat dis- 
sipated per square inch of winding area. 

On the other hand, in directed forced- 
cooled transformers, the oil circulation is 
produced by the oil pump, and at times its 
direction may be even contrary to the 
thermal flow of the oil. Therefore, the 
self-equalizing effect that plays such an 
important part in minimizing temperature 
differences in self-cooled transformers is 
essentially absent in forced-cooled trans- 
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formers. For this reason it is very im- 
portant that the complete structure be 
designed so that the forced oil flow dis- 
tributes in a manner that produces pre- 
determined temperature distribution. 

The oil-temperature gradient, that is, 
the difference in temperature of oil in 
contact with the winding at the entrance 
and exit of the oil path, is proportional to 
the heat absorbed by the oil and inversely 
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LEAVING 
Figure 11. Comparison of oil temperature 
gradient and the resultant winding gradient in 
self-cocled and directed forced-cooled trans- 

former 


OIL 
ENTERING 


Figure 12. Three WINDINGS 
types of directed 

forced-oil flow AXIAL FLOW 

through windings A 


proportional to the velocity of oil flow. 

In both self-cooled and forced-air- 
cooled transformers, this oil gradient is of 
the order of 10 to 15 degrees centigrade. 
In directed forced-cooled transformers, 
the amount of oil forced through the 
winding is many times greater than 
would flow naturally because of winding 
heat, and therefore the gradient is pro- 
portionately smaller, being only a few 
degrees. This is one of the very impor- 
tant thermal characteristics of directed 
flow, forced-cooled transformers, thatisre- 
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SPACERS 
OIL DUCT 


sponsible for the reduction in difference 
between the hot-spot and average winding 
temperature (Figure 11). ) 

For example, with a gradient of 15 de- 
grees centigrade for thermal oil flow, and 
three degrees centigrade for directed 
forced-oil flow (meaning that five times 
as much oil is forced as would flow natu- 
rally), and assuming the average oil tem- 
perature and all other factors influencing 
the temperature to be the same, part of 
the winding at the exit end of the oil path 
in the first case will be approximately six 
degrees centigrade higher than in the 
second case. It also follows that the dif- 
ference between average and hot-spot 
winding temperatures, contributed by oil- 
temperature gradient alone, in the forced- 
flow case is only 1!/. degrees centigrade. 
However, it would be a fallacy to assume 
that this represents the entire difference 
between the hot-spot and the average 
temperature, since it would reguire neg- 
lecting all other contributing factors. 
VII. Types of Oil Flow in Windings 

Commonly, two types of coils are used 
in power transformer windings; pancake 
or disk coils, and cylindrical or barrel 
coils. Through these two types of wind- 
ings, three directions of oil flow are pos- 
sible: axial, radial, and transverse, as 
shown by Figure 12. In the axial and 
radial flows, the oil stream is parallel to 
the spacers. In the transverse flow, most 
of the spacers cross the oil stream and 
cause it to follow a complex path. 


Ta tatnatet 


RADIAL ZIG-ZAG FLOW OIL FLOW 
B TRANSVERSE FLOW 


In forced-cooled transformers, the tem- 
perature drop through the oil film at the 
coil surface depends upon the oil velocity 
in the duct,.as shown by Figure 13. 
Therefore, when it is desired to maintain 
uniform temperature rise of copper over 
adjacent oil with thickness of solid insula- 
tion and uniform watts per square inch on 
the coil surface, it is necessary that the 
oil velocity be constant along the winding 
surface. 

In concentric cylindrical coils the spac- 
ers are axial and the ducts are uniform in 
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cross section; therefore, the oil flow is 
parallel to the spacers, and its velocity is 
constant (Figure 12A). 

With radial flow, the oil velocity at the 
inner edge of the disk coil is higher than 
at the outer edge, in the ratio of the per- 
imeters (Figure 12B). In power trans- 
formers, with the high- and low-voltage 
windings located concentrically, the ra- 
dial width of the disk coil is a small frac- 
tion of its mean radius; 
difference in the oil velocities is very small. 

With transverse flow, the core leg or the 
insulating barriers inside the coil causes 
considerable variation in cross section of 
the oil duct. The ratio of the maximum 


TEMPERATURE RISE 


OIL VELOCITY 


Figure 13. Relation between velocity and 
temperature rise of windings over oil for same 
watts per square inch on the coil surface 


cross section of the duct to the minimum 
is equal to D/D —d, where D is the outside 
diameter of the disk coil and d the inside 
diameter. It results in a ratio of oil ve- 
locities in the two parts of the duct of 
V2/Vi=D/D—d, which may be 2:1, and 
sometimes even higher, 

Further, the core or the insulating 
cylinder inside the coil “casts a shadow”’ 
on the downstream side, so that part of 
the coil surface may have an oil velocity, 
V3, only one half of the entrance velocity, 
V;. On account of this unequal distribu- 
tion, the ratio between the maximum and 
the minimum velocity V2/V3; may be as 
high as 4:1. This unequal distribution 
of oil flow may cause a temperature drop 
across the oil film in the “shadow” to be a 
fraction of a degree to several degrees 
higher than in that part of the winding 
where the velocity of the oil flow is the 
maximum. 
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therefore, the 


Uniform oil velocity is desirable where 


losses per square inch of winding surface 
and the thickness of the solid insulation 
between the copper and the oil are uni- 
form, However, wherever these two fac- 
tors vary, it may be desirable to modily 
the oil velocity to counterbalance the in- 
crease in temperature caused by either 
greater thickness of insulation or higher 
watts per square inch dissipated by the 
oil surface. 

For example, at the ends of both high- 
voltage coils, Figure 2, extra turn insula- 
tion is used to withstand possible con- 
centration of transient voltage stresses. 
In addition, the watts per square inch 
on the inner coil adjacent to the low-volt- 
age winding may be higher than in the 
outer coil on account of increased eddy 
losses. This occurs wherever a coil is 
adjacent to the opposite winding and 
therefore is in the leakage flux of maxi- 
mum density. In such a case the eddy 
losses may be three times the average 
eddy loss of the entire winding. 

In the given example two radically dif- 
ferent problems are involved: 


1. To adjust the volume and velocity of 
oil flow in parallel ducts in order to equalize 
the temperature of the two coils having 
different watts per square inch of surface. 


2. To equalize the temperature in two 
parts of the same coil having different thick- 
nesses of turn insulation, by varying the oil 
velocity. 


PARALLEL Ducts 


To compensate for the increase in watts 
per square inch due to the greater eddy 
loss, by means of an increase in oil ve- 
locity, the duct around the inner coil must 
be made correspondingly larger than the 
duct around the outer coil. The reason 
for this is that for any given oil pressure, 
not only the total oil flow in the duct, but 
also the velocity of oil flow increases with 
an increase in size of the duct. Figure 14 
shows how much larger this inner duct 
must be than the outer duct in order to 
obtain the desired reduction in tempera- 
ture drop across the surface film. 

However, this method of balancing 
temperature by oil flow in parallel ducts 
is not always practicable because of the 
following considerations. 

At the present time, to conserve copper 
in the directed forced-flow transformers, 
the watts per cubic inch of copper and 
watts per square inch of the winding sur- 
face exposed to oil are much greater than 
are used in self-cooled transformers. On 
the other hand, the thickness of solid in- 
sulation, such as turn insulation, is natu- 
rally the same in both self-cooled and 
forced-flow transformers. Therefore, the 
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temperature drop, 7; (Figure 11) across 
the turn insulation in ferced-cooled trans- 
formers is greater than in self-cooled in 
the ratio of watts per square inch used. 
In forced-cooled transformers the tem- 
perature drop T, across the oil film is re- 
duced radically by the high velocity of the 
oil flow, and therefore, in spite of the high 
watts per square inch, this temperature 
drop may be even smaller than in the self- 
cooled transformer. On this account, 7; 
in directed forced-cooled transformers 
may be equal to or even greater than 7, 
instead of being a small fraction thereof, 
as commonly found jn self-cooled trans- | 
formers. 


RELATIVE TEMPERATURE RISE OF WINDING SURFACE OVER OIL 


DUCT DIMENSION PERPENDICULAR TO 
WINDING SURFACE 


Figure 14. Relation between the size of oil 
ducts and temperature of the winding surface 
for a given watts per square inch 


For example, let 7,=T,=7.5 degrees 
centigrade. The winding riseoveradjacent 
oil will be 7,,=7,+7,=15 degrees centi- 
grade. Assume that the inner coil (Figure 
2) on account of greater eddy loss, has 20 
per cent more watts per square inch than 
the outer coil. Its temperature rise over 
oil will be 15 degrees centigrade X1.2= 
18 degrees centigrade. To reduce the 
rise to 15 degrees centigrade, by increas- 
ing the oil flow in the duct, means that 
the temperature drop across the oil film 
must be reduced from 7.5 to 4.5 degrees 
centigrade because obviously the tem- 
perature drop through the insulation can- 
not be decreased. To accomplish this re- 
duction, tke duct around the inner coil 
must be made at least four times greater 
than the duct around the outer coil 
(Figure 14). 

Such an increase in oil duct is entirely 
impractical, not only because additional 
copper and iron would be necessary to 
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avoid : reasing the reactance, but also 
because it would result in an inefficient 
use of oil flow. 
Therefore, it is not practicable to equal- 
ize the temperature in two coils having 
‘greatly different watts per square inch, 
merely by the adjustment of the relative 
size of the parallel oil ducts. 
_ Fortunately, in modern concentric- 
winding transformers the eddy losses 
generally are so small a percentage of the 


IR loss that no difficulty is encountered 
from this cause. 


SERIES Ducts 


To compensate for the increase in tem- 
perature rise, due to the addition of extra 
end-turn insulation, the oil velocity over 
that section of the winding may be in- 
creased by reducing the size of the duct 
in accordance with curves given on Figure 
14. This can be accomplished in several 
. ways without affecting adversely either 

the amount of active materials or any of 
. the transformer characteristics. Since the 

length of these smaller ducts will be a few 
per cent only of the total length of the 

coil, the increase in the resistance to the 
_ oil flow is insignificant. 
In directed zigzag flow in concentric 
windings, as shown in Figure 15, the ut- 
_ most flexibility exists in the control of the 
oil flow, which is both vertical and radial 
and is obtained by alternating fillers of 
insulation placed on the inside and out- 
side of the disk coils. In this manner, 
the velocity and amount of oil and the 
pressure required can be varied widely 
without changing the winding. When- 
ever extra insulation is put between the 
copper and the oil stream, the ducts can 
be reduced correspondingly to increase 
the velocity and to compensate to some 
degree for the increased temperature 
drop across the solid insulation. 

Because of the above structural char- 
acteristics of concentric windings, the 
effective use of directed flow of the oil does 
not require a departure from structures 
that have been used for a great many 
years. 

From the preceding analysis it follows 
that the structural features of concen- 
tric-cylindrical as well as concentric-disk- 
type transformers naturally harmonize 
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with the requirements for the effective 
use of directed-flow forced-cooling: 


(a). The eddy losses are so small that they 


do not require disproportionately great in- 
creases in oil ducts, ¥ 


(b). Increase in temperature rise through 
extra end-turn insulation can be compen- 
sated for by increase in oil velocity without 
waste of space or material. 


(c). The oil flow is always parallel to the 
spacers, and, since the ducts are naturally 


A 


HIGH VOLTAGE 


LOW VOLTAGE 
Figure 15. 


Directed zigzag oil flow through 
concentric windings 


uniform in cross section, the velocity of the 
oil may be uniform when desired. 


(d). The insulation structure is such that 
it does not interfere with the oil flow or with 
the division of oil between the windings. 


Thus, it is interesting to observe once 
again the extraordinary structural har- 
mony that exists in concentric-winding 
transformers. This harmony, as has 
been described to the Institute before, is 
the main cause behind the evolution of 
transformer structures from interleaved 
to concentric windings. ® 
VIII. Emergency Load 

To prevent injury to directed-flow 
forced-cooled transformers, in case of an 
emergency created by an interruption of 
the power supply to the pump and fans, 
these directed-flow transformers may be 
designed to continue to carry 100 per 
cent load for one hour or more after the 
pumps and fans have stopped. The tem- 
perature rise of the winding hot spot at 
the end of this period will not exceed the 
limit recommended by the AIEKE trans- 


former subcommittee interim report, 
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AIEE Transactions, 1942 September 
section.!%11 


IX. Conclusion 


It is obvious that, with so many meth- 
ods of cooling now available to the de- 
signer, a great variety of combinations of 
cooling methods is possible. Each one of 
these combinations has its own advan- 
tages under certain conditions of opera- 
tion, but the greatest economy in space 
and materials is attained by the use of 
the directed forced-oil method of cooling. 
The over-all gain in materials used in the 
ccre and coils can be illustrated by the 
following simple example: The core and 
coils of a typical self-cooled, high-voltage 
10,000-kva transformer, with 55 degrees 
centigrade average winding rise and 65 de- 
grees centigrade hot-spot rise, when ar- 
ranged for directed, forced oil flow, will 
carry continuously 16,667 kva, and meet 
the same temperature limits. 
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Shunt Capacitors 
AIEE COMMITTEE ON POWER TRANSMISSION AND DISTRIBUTION 


General Systems Subcommittee 


® 


HE Institute at present is fostering a 

program encouraging discussion of 
means of obtaining greater loading out of 
existing equipment. As part of this pro- 
gram the general systems subcommittee of 
the power transmission and distribution 
committee has undertaken the task of 
analyzing what can be done with genera- 
tors of reactive power in reducing the 
kilovolt-ampere demand upon system ele- 
ments, thereby releasing more of the sys- 
tem capacity for useful kilowatt loading. 

A discussion of this subject is greatly 
simplified by using the expressions kilo- 
vars, to refer to the reactive power and 
kilovolt-amperes, to refer to the product 
of volts and amperes. It is recommended 
that greater use be made of this distinc- 
tion which has been recognized by the 
American Standards Association. 

The breakdown of kilovolt-amperes into 
its two components, kilowatts and kilo- 
vars, is receiving greater and greater ac- 
ceptance in the industry. Each compo- 
nent is being considered as a separate and 
distinct entity, even to the extent of not 
using necessarily the same direction of 
flow in the system. Thus an overexcited 
generator is usually considered as feeding 
both kilowatts and kilovars into the sys- 
tem. An overexcited synchronous motor 
is usually considered as taking kilowatts 
from the system but feeding kilovars into 
the system. In the former case, the direc- 
tions of flow are the same, whereas in the 
latter case they are different. A shunt 
capacitor is thought of as feeding kilovars 
into the system. Thus, without attribut- 
ing a sign to kilovars, the operator dis- 
patches this quantity and provides for 
reversal of the quantity by the device of 
referring to the flow in or out at that 
point of the system. For some purposes 
it is desirable that the positive sense of 
flow of kilovars be in a certain direction. 
This makes it necessary that a distinction 
be made between a positive and a negative 
kilovar, and therefore a sign must be 
added before the number representing the 
kilovar. In order to be consistent, the 


Paper 43-48, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE national technical meeting, 
New York, N. Y., January 25-29, 1943. Manu- 
script submitted December 21, 1942; made avail- 
able for printing December 28, 1942. 
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foregoing type of kilovar will be regarded 
as positive, and, when occasion arises to 
reverse the flow of kilovar without revers- 
ing the positive sense of flow, a negative 
sign should be used. Thus an over- 
excited generator may be regarded as 
drawing negative kilovars from the sys- 
tem. 

It is interesting to note that this con- 
ception of the positive kilovar is in direct 
conflict with the definition given by the 
American Standards Association. 

While this report is concerned pri- 
marily with the use of capacitors as gen- 
erators of kilovars, many of the conclu- 
sions drawn herein can be applied equally 


Figure 1. Improvement in 
capacitors as expressed by 
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to other generators of kilovars, such as 
overexcited synchronous machines. 


Development 


Capacitors for power-factor correction 
first made their appearance as early as 
1914. By 1928 the total kilovolt-amperes 
installed was approximately 260,000. At 
the end of 1938 the total had risen to 
1,400,000 kva, and by the end of 1941 
the estimated total installed capacity was 
3,000,000 kva. In 1942 the total kilo- 
volt-amperes of capacitors which will be 
produced has been estimated at 2,500,000, 
which would bring the total estimated in- 
stalled capacity as of January 1, 1943, 
to about 5,500,000 kva. 

Prior to 1932 all power capacitors were 
of the oil-type construction. The use of 
chlorinated aromatic hydrocarbon im- 
pregnating compounds and other ad- 
vances in the art brought about sharp 
reductions in size and weight. Today, 
complete outdoor capacitor installations 
weigh five pounds or less per kilovolt- 
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ampere, as contrasted with 15 or 20 
pounds per kilovolt-ampere in 1925. 
Prior to 1937 practically all capacitors — 
were installed in industrial plants. The 
development of outdoor-type units elimi- 
nating steel housings and other acces- 
sories resulted in a further increase in the 
use of capacitors. 

The improvement in capacitor design 
is best reflected in the size and weight. 
Figure 1 illustrates the results of develop- 
ment in the period between 1924 and 
1942. The general acceptance of capaci- 
tors has been due to the following: 


1. Reduction in selling price. 


2. Improvement in design and manufac- 
turing methods resulting in decrease in size 
and weight. 


3. Development of outdoor pole-type 
units and standardized mounting brackets. 


4. Reduction in failures. 


5. Better understanding of system benefits 
which accrue from their use, stich as release 
of system kilowatt capacity and low loss as 
compared to other means of supplying kilo- 
vars. 


6. The fact that they require the least 
critical material to supply kilovars. 


7. The fact that, for the war emergency, 
manufacturing facilities are more available 
than for other means of supplying kilovars. 


General Features 


Capacitor banks are usually made up 
of standard 15 kva-units. A test voltage 
of somewhat over twice rated voltage is 
applied from line to line. The normal 
service voltage should not exceed 115 per 
cent of the rated voltage for standard 
voltage ratings of 575 volts and below and 
110 per cent for standard voltage ratings 
above 575 volts. Capacitors should not 
be applied to circuit voltages in excess of 
five per cent of their rating. The line-to- 
ground test voltages vary with indoor or 
outdoor type and range from 43 times 
rated voltage for the 230-volt outdoor 
capacitor to twice for the 13,800-volt in- 
door capacitor. 


PROTECTION 


Capacitors connected to ground reduce 
the magnitude of surge voltages to ground 
that occur on systems and, with some 
risk, may not require arresters for their 
protection. Ungrounded capacitors 
should, however, be protected by arrest- 
ers. Discharge devices are usually built 
into the capacitor, so that, when the 
capacitor is de-energized, any remaining 
charge is dissipated as a safety precau- 
tion. 

Short-circuit protection is required pri- 
marily with capacitors for detecting and 
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Temoving a faulty unit without causing 
other protective devices to operate, and 
for removing the unit before the internal 
are generates sufficient pressure to burst 
the case which might cause additional 
damage. The requirements for wye- 
grounded and delta banks as contrasted 
with those of the wye-ungrounded banks, 
warrant a separate discussion for each. 
For wye-grounded or delta banks a 
faulted capacitor unit requires that the 
fuse—individual or line—interrupts the 
: ull-system short-circuit current. Thus, 
on large systems, the fuse requirements 
can become very heavy, and, because of 
fuse limitations, these type banks have 
limitations. 

__ For wye-ungrounded banks the current 
through a faulted unit is only three times 
the normal current of the capacitors con- 
nected to that particular phase and is 
neutral, since it is limited by the capaci- 
tors in the two sound phases. Thus, the 
current to be interrupted is sensibly inde- 
pendent of the system available short- 
circuit current, and the interrupting re- 
quirement of a fuse is under quite 
complete control since the bank is divided 
into sections. Thus, a system with large 
short-circuit requirements can have ca- 
-pacitors applied to it with low-capacity 
fuses of the individual or line type. 
Grouping several capacitors under a 
single line fuse offers many useful arrange- 
ments. 

In these floating neutral equipments 
the short-circuit current generally can be 
reduced to such a value to allow circuit 
breakers controlled by relays to discon- 
nect the bank before a faulty unit bursts. 
Three such schemes are: 


1. A current transformer is placed in the 
neutral between the two groups to energize 
a current relay for initiating the tripping of 
the circuit breaker when objectionable un- 
balance occurs. 


2. A voltage transformer is placed between 
the neutrals of the two groups to energize a 
voltage relay which initiates the tripping of 
the capacitor circuit breaker when objec- 
tionable unbalance occurs. 


3. A voltage transformer is connected 
across each capacitor phase with the sec- 
ondary windings in series with a voltage 
relay which initiates the tripping of the cir- 
cuit breaker when objectionable unbalance 
occurs. 


HARMONICS 


The impedance of a capacitor varies 
inversely as the applied frequency. 
Therefore, relatively small harmonic dis- 
tortion in the applied-voltage wave form 
may produce very large current-wave dis- 
tortion. To allow some harmonic voltage, 
the capacitors being built today, accord- 
ing to National Electrical Manufacturers 
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Figure 2. Cost of capacitors as a function of 
rated voltage 
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Association standards, permit combined 
60-cycle and harmonic kilovolt-amperes 
to equal not more than 135 per cent of 
the capacitor rating. To obtain the 
kilovolt-ampere loading at which a capaci- 
tor is operating, expressed as a fraction 
of its rating, with harmonic voltages 
E;, E-, E;, and so forth applied, it is only 
necessary to insert the voltage values in 
the following expression: 


kva=E2+3E+5Ee+ ...... (1) 


where all voltages are expressed as a frac- 
tion of the rated voltage. If only one har- 
monic is present in addition to the funda- 
mental, the foregoing rule limits this har- 
monic to the following: 


a 2 
= /1.35 Ey (2) 
n 


where v is the order of the harmonic. 


Losses AND AMBIENT TEMPERATURE 


The losses of present-day capacitors in 
kilowatts are about one third of one per 
cent of their kilovolt-ampere loading as 
determined by equation 1. The operat- 
ing ambient temperature should not ex- 
ceed certain figures which vary with the 
type and the application. For outdoor 
open mounted units this value is 50 
degrees centigrade and for housed units 
between 40 and 50 degrees centigrade, 
depending upon the type of rack. 


Costs 


Costs of capacitors vary with the oper- 
ating voltage, being higher at the low and 
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high voltages and minimum at inter- 
mediate voltages. Figure 2 shows the 
variation of cost with voltage. 


Application of Capacitors 


The three principal benefits that ac- 
crue from the application of capacitors 
are: 


1. Reduction in current for the same kilo- 
watt load, or reduction in the required kilo- 
volt-amperes of equipment for the same 
kilowatt load through the equipment. 


2. Improvement in voltage level, and, if 
properly switched, improvement in regula- 
tion, 


8. Reduction in system J/?’r and J?x losses 


All of these benefits usually go hand in 
hand but have different limitations be- 
yond which it is uneconomical to install 
additional capacitors. While certain 
benefits can be shown to result by reduc- 
ing the current passing through isolated 
pieces of apparatus, the benefits are 
usually more far reaching. Thus, supply- 
ing the kilovars at or near the utilization 
point not only reduces the current in the 
distribution circuit feeding the load at 
that point, but the effects are reflected all 
the way back to the generator in that the 
current, the system voltage drop, the 
I*y and the [x losses are less throughout 
the entire system. In the following dis- 
cussion consideration will be given first 
to the effect of capacitors on isolated 
equipment, and this will be followed by 
consideration of how the entire system is 
affected. These discussions are very 
closely identified with system economics. 


Current Limitation 


When the load on a transformer ex- 
ceeds its rating, two alternatives present 
themselves: 


1. Additional transformer capacity can be 
added. 


2. Capacitors can be connected in parallel 
with the load, until the current in the trans- 
former or the vector sum of the kilovolt- 
amperes of the load and the capacitor falls 
within the rating of the transformer, pro- 
vided, of course, the kilowatts of the load 
do not exceed the kilovolt-amperes of the 
transformer. 


Naturally the proper choice depends upon 
transformer and capacitor cost and upon 
the amount of capacitors required. 
Figure 3 illustrates how the application 
of capacitors increases the amount of real 
power that can be carried by a trans- 
former. In Figure 3a is shown a trans- 
former of unity kilovolt-amperes supply- 
ing a load of 80 per cent power factor. 
Assume first that the capacitor is not con- 
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nected. From Figure 3b it can be seen 
that only 0.8-kw load can be supplied 
without exceeding the rating of the trans- 
former. If the load is increased to 0.9 
kw, and the same power factor is main- 
tained, then the kilovolt-amperes of the 
load is 0.9/0.8 or 1.125, and the kilovar 
of the load is (0.9/0.8) 0.6 or 0.675. To 
pass a load of 0.9 kw through the trans- 
former and still keep within its rating, 
the kilovar as shown by the circle, must 
be limited to 0.435. This can be accom- 
plished by placing a capacitor across the 
load which will consume the difference 
between 0.675 kilovar and 0.435 kilovar 
or 0.24 kilovar. The useful load has thus 
been increased from 0.8 to 0.9 kw or 0.1 
kw at the expense of the addition of a 
0.24-kva capacitor. 

The curves in Figure 4c express more 
generally the same results and show the 
total kilowatts that can be passed 
through the transformer as a function of 
the kilovolt-amperes of the capacitor 
connected across the load. The trans- 
former is kept loaded at rated kilovolt- 
amperes at all times. The curve in 
Figure 4d gives the increase in kilowatt 
load as a function of the capacitor 
kilovolt-amperes and the curve of Fig- 
ure 4e the increase in load kilovolt- 
amperes. The curve in Figure 4f, on the 
other hand, obtained by dividing the ab- 
scissa of curves of Figure 4e by the corre- 
sponding ordinate, gives the capacitor 
kilovolt-amperes per increase of load 
kilovolt-amperes again plotted against 
capacitor kilovolt-amperes required. 
This curve is of particular interest, since 
when one multiplies this quantity by the 
cost of the capacitor per kilovolt-ampere, 
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80% PF. 


CAPACITOR 
RV AeoIe KVA=1.125 (a) 
KW=0.9 
KVAR= 0.675 
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OF TRANSFORMER KVA 


12) OB ROS TO 
KW EXPRESSED AS FRACTION 
OF TRANSFORMER KVA 


Figure 3. Illustrating the effect of adding 

capacitors upon the ability of a transformer to 

carry increased real power with load of con- 
stant power factor 
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the product gives the cost of supplying an 
additional kilovolt-ampere of load. This 
cost, neglecting other advantages of the 
capacitor, should be compared with the 
cost per kilovolt-ampere of increasing the 
transformer rating. Thus, if the load is 
70 per cent power factor, and a capacitor 
kilovolt-ampere of 0.4 is added, the ca- 
pacitor kilovolt-amperes per increase in 
kilovolt-amperes of the load is 1.65. If 
the capacitor cost is $7.00 per kilovolt- 
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Figure 4. Effect of shunt capacitors upon load- 
ing of a transformer 
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ampere, then the increase in ability to 
supply load is obtained at a cost of 1.65 
times $7.00 or $11.55 per kilovolt-am- 
pere. If the transformer cost per kilo- 
volt-ampere is $10.00, then considering 
the other advantages of the capacitor, 
the latter may be more economical. 
From Figure 4b it is apparent that, as 
the load through the transformer ap- 
proaches unity power factor, smaller and 
smaller incremental gains in load are ob- 
tained for incremental increases in ca- 
pacitor kilovolt-amperes. Figure 4g gives 
the incremental capacitor kilovolt-am- 
peres required for an increment in kilo- 
volt-amperes of the load. Expressed 
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Figure 5. Gain in load kilovolt-amperes by 
adding capacitors, maintaining constant voltage 
drop 


mathematically, the ordinate in this 


curve is equal to 


d (capacitor kva) 


d (increase in load kva) 


This curve shows that the final increment 
is attained at much greater expense 
than the initial increment. 

In the foregoing a transformer was 
used for illustrative purposes only. The 
same arguments apply equally well to 
any equipment in which current might 
constitute a limiting factor such as gen- 
erators, cables, regulators, and occa- 
sionally overhead transmission and dis- 
Consider for a moment a 
generator. Modern 0.8 and 0.9 power- 
factor generators can, in general, be 
operated at full kilovolt-amperes. at 
unity power factor. In most cases the 
turbine is capable of delivering this in- 
creased power above its rating. However, 
there may be other elements in the electric 
and steam systems that would make it 
undesirable to operate under these condi- 
tions. The power generation aspects 
of the problem are being presented in a 
symposium on this subject by the power 
generation committee. The present 
shortage of critical materials for the con- 
struction of generators makes this ques- 
tion particularly important at this time. 
Since the prime function of generators is 
to deliver kilowatts, they may, where 
additional power is needed, be retained 
for this purpose and the required kilovars 
supplied by other means at or near the 
load. In applying the cost data obtained 
through the use of the curves of Figures 
4f and 4g, it is necessary in this case to 
compare capacitor costs with generator 
costs. In almost all cases it will be found 
that capacitors, to bring the operating 
power factor of the generator to near 
unity, will be justified. Other considera- 
tions, such as stability of the generator at 
low excitation, might dictate the extent to 
which the power factor can be corrected. 
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_As vy be shown subsequently, addi- 
ional a vantages, ‘such as reduction in 
losses and improvement in regulation, 
an be obtained by locating the capacitor 
‘lose to the load. Since the system in- 
vestment increases per kilovolt-ampere 
delivered as the load is approached, and 
since capacitors decrease the required 


CAPACITOR LOAD 


LOSS AS FRACTION OF VALUE 
BEFORE ADDING CAPACITORS 
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_ Figure 6. Effect of adding capacitors upon the 
loss in a feeder, transformer, or other equip- 
_ ment supplying a load 


system kilovolt-amperes per kilovolt- 
ampere delivered, it becomes easier to 
justify the application of capacitors at 
points closest to the load. 


Voltage Drop 


The voltage drop in feeders on short 
lines can be expressed approximately by 
. the relation 


Voltage drop = R/J,+ XJ, (3) 


where R is the resistance, X the react- 
ance, J, the power component of the cur- 
rent, and J, the reactive component. 
If a capacitor is placed in shunt across 
the end of the line, the drop becomes ap- 
proximately 


Voltage drop = RI,+ XI, —XI, (4) 


where J, is the current drawn by the ca- 
pacitor. Thus it is evident that if J, be 
made sufficiently large, both the RJ, and 
the XJ, drops can be neutralized. This 
expression also shows that, if the voltage 
drop is compensated at full load, then at 
light loads, as J, and J, become smaller, 
the line is overcompensated, because J, 
is dependent only upon the voltage and 
not upon the load. Thus it may be said 
that the regulation of the line is practi- 
cally unchanged by the presence of the 
capacitor. The capacitor effects an in- 
crease in voltage both at light load and at 
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' breaker. 


full load. At light loads the voltage rise 
might well be so much in excess of the 
normal value as to represent an unde- 
sirable or even intolerable condition, . 

Because of its lack of voltage control, a 
permanently connected capacitor has 
limitations. However, with suitable con- 
trol for switching capacitor banks or sec- 
tions of banks in and out, the capacitor 
can be made to control the voltage. 
The control element can be operated 
either by a time switch, from the line 
voltage, by the load power factor or by 
the load kilovars, To date the voltage 
control has received greatest acceptance, 
because in general, it affects directly the 
quantity which it is desired to control, 
although in industrial applications power 
factor and load kilovars have been used 
quite frequently. Switching presents 
new problems unique in capacitor appli- 
cations which, however, are susceptible 
to ready solution. These are: 


1. When a capacitor bank is connected to 
a system, the system impedance is usually 
of sufficient magnitude to limit the initial 
inrush to a reasonable value. If, however, 
a section of a bank is switched in while 
another section of an adjacent bank is 
already connected to the system, the low 
impedance between the sections can result in 
large currents of high frequency. Experi- 
ence has indicated that this need not be given 
consideration in the general case. 


2. Opening of the capacitor charging cur- 
rent—under the proper conditions—can re- 
sult sometimes in restriking of the are within 
the breaker, with resultant high transient 
overvoltages. This is essentially a switching 
problem and can be handled adequately 
with properly applied available switching 
equipment. 


The switches need not, however, have 
sufficient interrupting capacity to handle 
the system short-circuit current. Break- 
ers are usually supplied for this purpose 
which can also be used as disconnecting 
devices, providing there is a backup 
For outdoor service suitable 
fuses are also used for this purpose. In 
industrial applications capacitors are 
sometimes connected directly across the 
terminals of a motor and switched on 
and off with it. 

The number of steps to be used in 
capacitor banks depends entirely upon 
the system characteristics, the total 
drop which it is desired to correct, and 
the increment in voltage change which 
the system can absorb. In this respect 
the switched capacitor is in a position 
similar to the step voltage regulator as 
contrasted to the continuous variation 
of the induction-type regulator. 

To apply capacitors most effectively it 
is desirable that wattmeter, kilovar meter 
and voltmeter records be taken at several 
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points throughout the system. These 


will serve as a guide to determine the 


amount of capacitors that should be in- 
stalled and also the necessity for and 
number of steps in switching equipment. 
To compare the benefits of line-drop 
compensation by means of capacitors 
with other methods of accomplishing the 
same result, the curves shown in Figure 5 
are provided. These curves show the 
capacitor kilovolt-amperes required per 
kilovolt-ampere increase in load that can 
be supplied without increasing the line 
drop. It will be observed that this 
quantity is a function only of the power 
factor of the load and ratio of resistance 
to reactance of the feeder, transformer, 
or other device. By multiplying the or- 
dinate by the cost of a kilovolt-ampere of 
installed capacitor, the cost of supplying 
an additional kilovolt-ampere of load 
without increasing the drop is obtained. 
This figure should be compared with the 
cost to produce the same result by other 
means, such as additional cost per kilo- 
volt-ampere of transformer or feeder. 


Reduction in Losses 


When current flows through a circuit 
consisting of resistance and reactance, 
there is in addition to the J?r loss an J?x 
loss. The generator must, therefore, in 
addition to supplying the load require- 
ments, supply the J*r loss in the form of 
kilowatts and the J*x loss in the form of 
kilovars. If the current through the sys- 
tem is decreased, then the J’r and Ix 
losses which the generator must supply 
will decrease. In the case of reduced J*r 
losses, the useful kilowatt loading of the 
generator can be increased by practically 
this amount without requiring more 
fuel. The smaller J?x losses reduce the 
kilovolt-ampere loading on the generator 
and thereby release generator current- 
carrying capacity which may be used to 
supply kilowatts. 

Under the present emergency, reduc- 
tion in kilowatts (J?7) and kilovars (J?x) 
losses has taken on new importance and 
significance. So long as the system has 
adequate reserve, there is some justifica- 
tion for those who argue that the kilo- 
watt losses should be evaluated in terms 
of the fuel required. However, as the 
reserves become depleted, and the system 
is operated closer and closer to its theo- 
retical capacity, losses must be evaluated 
in terms of both the total equipment and 
the fuel required. Under present condi- 
tions when generating capacity is difficult 
if not impossible to obtain, reduction in 
losses becomes still more important. 

Capacitors are effective in reducing 
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the current and, consequently, the J?r 
and J*x losses. Of course, in the case of 
a transformer or a feeder in which the 
current-carrying capacity is limited by 
thermal consideration, this factor is only 
another facet of the same problem. When 
capacitors are installed near the load, the 
reduction in current affects the loss 
throughout the entire system. Calcula- 
tions of reduction in loss under peak load 
conditions have shown that capacitors 
of reasonable amounts, in addition to 
other benefits, might also reduce the sys- 
tem generator output by the extent of two 
to four per cent. Figure 6 shows the re- 
duction both in J?y and J*x losses that 
result by improving the power factor of 
the total load on a transformer or feeder 
by the addition of capacitors, maintain- 
ing all the while the same load. 
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Over-All System Performance 


While the foregoing discussion illus- 
trates the advantages of the application 
of capacitors from the standpoint of iso- 
lated equipment, the full advantages of 


Figure 7. System performance with applica- 
tion of shunt capacitors 


Base load at each point C (load center of 
single-phase laterals) 
At time of peak load—100 kw 75 kilovars 
125 kva at 80.0 per cent power factor 
At time of light load—20 kw 30 kilovars 
36 kva at 55.5 per cent power factor 
Total load at points C for 15 circuits 
At time of peak load—13,500 kw 10,125 
kilovars 16,875 kva at 80.0 per cent power 
factor 
At time of light load—2,700 kw 4,050 
kilovars 4,868 kva at 55.5 per cent power 
factor 
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Base load on each 240-volt secondary line 
At time of peak load—7.83 kw 5.68 kilo- 
vars 9.67 kva at 80.9 per cent power factor 
At time of light load—1.59 kw 2.29 kilovars 

9.79 kva at 57.0 per cent power factor 


Total load on secondary lines 
At time of peak load—12,683 kw 9,208 
kilovars 15,670 kva at 80.9 per cent power 
factor 
At time of light load —2,578 kw 3,707 kilovars 
4,526 kva at 57.0 per cent power factor 
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the capacitor cannot be appreciated with- 
‘out analysis of the entire system, For any 
particular system this analysis can be 
made best on a network calculator or a 
network analyzer. In this case, the ca- 
pacitors can be spotted throughout the 
system and the net result determined 
teadily and quickly for both full-load 
and light-load conditions. To illustrate 
the nature of these advantages, M. C. 
Miller has chosen a hypothetical system 
which is sufficiently simple to analyze 
mathematically. The results of this 
analysis were presented before the Edison 
Electric Institute, and a portion of the 
paper is included in this report. The 
chosen system is shown in Figure 7a. 
Briefly, it comprises a generator, step-up 
transformer to 66-kv transmission, a 
step-down transformer to five 12-ky cir- 
cuits, each serving a 12-kv to 4-ky sub- 
station with three 4-kv distribution cir- 
cuits. This makes a total of fifteen 4-kv 
distribution circuits. Emanating from 
the terminals of these three-phase cir- 
cuits indicated by the point B are 2.4-kv 
single-phase laterals of which there are 
nine for each 4-kv three-phase feeder. 
Power is stepped down on these lines to 
120/240-volt utilization voltage. The 
loadings for peak and light loading con- 
ditions are also given in Figure 7a. In- 
stallations of shunt capacitors throughout 
the system were assumed, which are iden- 
tified by the case numbers assigned to 
them in the table of Figure 7a. Cases 
1 and 7 assume the same kilowatt load- 
ing with no capacitors installed; the 
loads at the points C for the former being 
at 80 per cent power factor and for the 
latter at unity power factor. 


; 


The curves in Figure 7 are self-explana- 
tory, as they depict the kilowatt, kilovar, 
kilovolt-ampere, and voltage at different 
points throughout the system for both 
peak-load and light-load conditions. A 
number of details are worthy of special 
comment. 


The kilowatt increases as the generator 
is approached, a fact shown in magnified 
form by the loss curves in Figure 7f. For 
a customer load of 12,700 kw with no 
capacitors, the generator output is 16,500 
kw, representing a system loss of 3,800 
kw or 30 per cent. Of course, the larger 
portion of this loss is unavoidable and 
represents a loss resulting from the trans- 
mission of real power only. Note that for 
case 7 for the peak load the kilovar is very 
small, and for practical purposes the 
losses for this case represent the ultimate 
to which they can be reduced; that is, 
they correspond to within one tenth of a 
per cent with the losses that would result 
if the kilovars were supplied at the points 
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of origin by capacitors distributed along 
the lines. 


However, the amount by which the 
losses are reduced is still quite substan- 
tial. Thus the first increment of capaci- 
tors (2,025 kilovars) reduces the losses 
by 360 kw. The effects upon the kilovolt- 
ampere output of the generator are very 
much greater. The first increment of 
capacitors (2,025 kilovars) at the load 
reduces the kilovolt-amperes (not kilovars) 
by 2,200 kva at the generator. Figure 
8 shows the effect of additional incre- 
ments of capacitor kilovars upon both 
the kilowatt losses and amount of genera- 
tor kilovolt-amperes released, The points 
should not necessarily form continuous 
curves, because they represent increments 
of capacitors at different locations 
throughout the system. The difference in 
the losses for cases 6 and 7 represent the 
benefits, as can be seen from Figure 7f, of 
locating capacitors at C instead of B, 
thus decreasing the losses in the circuit 
between these two points. Even under 
normal national economic conditions it 
appears desirable to relieve the generator 
of the duty of supplying a portion of the 
kilovars and to transfer that function 
to the capacitor. Under present condi- 
tions, with the increasing difficulty of 
obtaining fuel, the reduction in losses be- 
comes even more important. The re- 
striction in the availability of generating 
equipment is fortunately relieved to a 
very considerable extent by apparatus 
which is relatively low in cost and has 
few restrictions as to availability. Con- 
sidering the generating capacity of the 
entire country,. which is something in 
excess of 25,000,000 kw, it may be seen 
that releasing even as small an amount as 
two per cent makes available 500,000 kw 
of generating capacity. Of course, the 
foregoing considerations are predicated 
upon the ability of the generator to sup- 
ply full kilovolt-amperes at higher power 
factor than rated, which is not always the 
case. To a lesser extent, similar consid- 
erations permit the installation of smaller 
transformers if the power factor is cor- 
rected by capacitors. 


Miller’s curves illustrate also what he 
terms the “snowball” or cumulative 
effect upon the reduction in kilovars by 
locating the capacitors as close as pos- 
sible to the load. To produce the same 
reduction in kilovars at the generator as 
obtained by 2,025 kilovars of capacitors 
at the load would require 3,000 kilovars 
of capacitors connected directly across 
the terminals of the generator. This 
constitutes a further argument for placing 
capacitors near the load. 


In applying capacitors, consideration 
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should be given not only to the peak-load 
condition but also to the light-load con- 
dition, If the capacitors are not switched 
off at light loads, the disappearance of 
the lagging kilovars produces an excess 
of loading kilovars. This produces two 
results: 


1. The generator becomes underexcited 
and this may be dangerous if the system has 
a tendency toward instability. 


2. The voltage rises near the load end of 
the system. 


Provision, of course, can be made to 
switch capacitors off automatically at 
times of light load. Figures 7g and 7h 
illustrate the variation of voltage be- 
tween peak load and light load for the 
different cases just discussed. A voltage 
drop in a system is not so serious if it is 
the same at peak and light loads, since the 
voltage level can be corrected by merely 
changing a transformer tap. In the par- 
ticular system under consideration it 
will be observed that a voltage drop of 
35 per cent occurs at the time of peak 
load and 11 per cent at the time of light 
load. Therefore, the voltage regulation 
itself is 24 per cent, a magnitude which 
would be intolerable and must be cor- 
rected either by switching of capacitors, 
tap changing under load, or induction 
regulators. If, however, at peak load and 
light load the kilovar component of the 
load is compensated by the installation of 
capacitors (case 7), the regulation is only 
15 per cent. This of course, involves 
switching of the capacitors between full 
load and light load. Verification of these 
values can be obtained from Figures 7g, 
h, and i. 

Idle generators are sometimes floated 
on the system to supply kilovars. This 
has the disadvantage that the kilovars 
are not usually supplied at the most ad- 
vantageous location and is not available 
when needed most, that is, at peak 
loads when the generator is delivering 
real kilowatts. 


Comparison Between Capacitors and 
Synchronous Condensers 


In large units synchronous condensers 
constitute a competitor of the capacitor 
and may be more desirable when all fac- 
tors are evaluated. The following points 
should be considered in comparing these 
two types of equipment: 


1. A standard synchronous condenser is 
capable of supplying kilovars equal to its 
rating to the system as well as of absorbing 
them to an extent equal to 50 per cent of its 
rating. For those applications requiring 
these characteristics, the comparison should 
be on a basis of the synchronous condenser 


TRANSACTIONS 227 


against the capacitor at full kilovars plus 
a shunt reactor of 50 per cent kilovars. 


2. The fineness of control of the synchro- 
nous condenser cannot be duplicated by the 
capacitor unless a large number of switching 
steps are used. 


3. An instantaneous drop in terminal 
voltage, within practical limits, increases 
the kilovars supplied to the system in the 
case of a synchronous condenser, whereas a 
similar change in the case of capacitors de- 
creases the kilovars supplied to the system. 
In this regard the synchronous condenser 
has greater stabilizing effect upon system 
voltages and likewise tends to maintain 
synchronism between machines. Its me- 
chanical inertia, in general, has a further 
stabilizing effect upon the other synchronous 
machines comprising the system. By reason 
of these same characteristics, a synchronous 
condenser reduces the effects of sudden load 
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Figure 8. Reduction in system losses and re- 
duction in kilovolt-ampere loading of the 
generator resulting from the addition of capaci- 
tors to the system of Figure 7 
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changes or rapidly varying loads, such as 
drop in system voltage occasioned by start- 
ing of a large motor or operation of large 
welders. 


4. For short periods of time the synchro- 
nous condenser can supply kilovars in excess 
of its rating at normal voltage, whereas this 
is not the case for capacitors. 


5. The losses of synchronous condensers 
are very much greater than those of capaci- 
tors. For synchronous condensers the full- 
load losses vary from about 3 per cent for 
3,000-kva units to about 11/; per cent for 
very large units of 50,000 to 100,000 kva, 
and for capacitors the full-load losses are 
about one third of one per cent. The no-load 
losses of air-cooled synchronous condensers 
are about 60 per cent of the full-load losses, 
and for hydrogen-cooled synchronous con- 
densers about 40 per cent; therefore, at 
fractional loads the losses of the synchronous 
condenser are not in proportion to the out- 
put in kilovolt-amperes. For a capacitor, 
however, the losses are proportional to the 
kilovolt-amperes connected to the system. 
Thus, the greater the load factor, the greater 
the benefits of the comparison of losses in 
favor of capacitors. 
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6. A comparison of the cost of synchronous 
condensers and capacitors involves an 
evaluation of the losses. Figure 9 compares 
the cost of air-cooled outdoor synchronous 
condensers and capacitors. Three evalua- 
tions for losses were assumed 0, $150, and 
$250 per kilowatt. The low losses of the 
capacitors should not be evaluated so highly 
as those for the synchronous condenser, be- 
cause, as just mentioned, at fractional loads 
the losses decrease more rapidly than for the 
synchronous condenser. Figure 10 brings 
out the comparison still more clearly in that 
the ordinate is plotted as a ratio of the cost 
of the capacitor to the cost of the synchro- 
nous condenser. When losses are evaluated 
at $150 per kilowatt, the costs are equal at 
35,000 kva, and, when evaluated at $250 
per kilowatt, they balance somewhere 
around 100,000 kva. The balancing point 
between capacitors and synchronous con- 
densers will vary with voltage and with the 
type of synchronous condenser. 


7. Capacitors lend themselves to distri- 
bution throughout the system at several 
locations much more economically than syn- 
chronous condensers. Thus they may be 
located at points closer to the load and be 
more effective in their purpose. 


8. The kilovolt-ampere rating of an instal- 
lation can be increased or decreased as the 
loads and system requirements dictate much 
more readily with capacitors than with syn- 
chronous condensers and can be installed 
with greater ease. By moving capacitors 
from point to point as required, the installa- 
tion of other equipment such as transformers 
may be deferred. Foundations are less im- 
portant, and auxiliaries are fewer. 


9. A failure of a single unit comprising a 
bank of capacitors affects only that unit 
and does not jeopardize operation of the 
entire bank. On the other hand, failure of 
insulation in a synchronous condenser is 
less likely to occur than failure of a single 
unit in a bank of capacitors. 


10. Synchronous condensers add to the 
short-circuit current of a system and may 
increase the size of breaker required. On the 
other hand, switching of large banks of 
capacitors may involve large currents. In 
general, however, these currents fall within 
the ratings of circuit breakers. 


11. During the present emergency critical 
materials require consideration. Synchro- 
nous condensers require between two and 
three times the critical material required by 
capacitors. There is the further considera- 
tion that the manufacturing space ordinarily 
used for synchronous condensers is now being 
used for the manufacture of equipment hav- 
ing higher priority rating. Thus, under 
present conditions, comparison between syn- 
chronous condensers and capacitors may be 
purely academic because of the difficulty of 
obtaining synchronous condensers. 


Harmonic and Coordination With 
Telephone Circuits 


The principal cause of harmonic volt- 
ages and currents in capacitors is the 
magnetizing requirements of transform- 
ers. Because of the lower impedance of 
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capacitors at higher frequencies, the har- 
monic currents may become so high as 
to endanger the life of the capacitor or to 
cause excessive amounts of fuse blowing or 
overheating of breakers and switches. 
The standard margins built into capaci- 
tors, which were mentioned previously, are 
usually sufficient so that, for the amount 
of harmonic voltage present in most sys- 
tems, no undue amount of trouble is ex- 
perienced. For the transformer magnetiz- 
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Figure 9. Air-cooled synchronous condenser 
and capacitor costs for a 13.8-kv outdoor 
installation 


Capacitors connected in wye and switched in 
five steps. Costs do not include main circuit 
breaker, land space, foundations, or spare 
parts, but do include freight, automatic control 
erection, capacitor fuses, coolers on synchro- 
nous condenser, and so forth 
1—1’—Cost of equipment installed 
2-9’—Cost plus losses capitalized at $150 
per kilowatt 
3~3’—Cost plus losses capitalized at $250 
per kilowatt 


plied by circulation around the delta-con- 
nected windings. The higher harmonics 
are usually so small that they give no 
appreciable trouble so long as the trans- 
formers are operated near their rated 
voltage. 

An unbalanced fault on a system sup- 
plied by water-wheel generators without 
damper windings may produce harmonic 
voltages. By resonance or partial reso- 
nance with capacitors, these voltages can 
be magnified. While the duration of the 
fault might not be sufficiently long to in- 
jure the capacitor, it may result in blow- 
ing of a large number of fuses in con- 
nected capacitors all over the system. 
This hazard is reduced by properly de- 
signed damper windings and system ar- 
rangement. 

A considerable amount of study has 
been given to the effects of shunt capaci- 
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ver systems a nd exposed telephone 
tits at noise _ frequencies, These 
studies have been carried on by the Joint 
bcommittee on Development and Re- 
"search of the Edison Electric Institute 
and Bell Telephone System. The results 
_ of their preliminary study of the problem 
were included in an article published in 
he August 1938 issue of the Edison Elec- 
tric Institute Bulletin. Subsequently, 
the joint subcommittee has co-operated 
with the operating power and telephone 
companies in a number of field studies on 
the effect of capacitors, and a report sum- 
marizing this experience is now in prepara- 
tion. It has been found that the use of 
capacitors may be either detrimental or 
beneficial from the inductive-co-ordina- 
tion standpoint, depending on the particu- 
lar conditions in each case. Advance 
planning by the two industries along the 
lines suggested in the article referred to 
has reduced the number of troublesome 
situations to a small percentage of the 
number of capacitor installations. Where 
the use of capacitors has resulted in in- 
creased noise, it has been practicable gen- 
erally to improve conditions by relatively 
simple measures applied to either the 
_ power or telephone systems or both. A 
summary of the available measures is in- 
cluded in the article. 


Portable Capacitors 


Several utilities have found, with a 
sudden increase in load at particular 
points on the system, a situation which is 
likely to occur under present conditions; 
portable three-phase capacitor units dis- 
patched to the point are effective in re- 
lieving the load on the overloaded facili- 
ties until more permanent changes in the 
system can be made. Also, two single- 
phase mobile capacitor units are in use; 
their purpose is to relieve the overload on 
open-delta banks of transformers occa- 
sioned by the failure of one transformer 
of a three-phase delta-connected bank. 


Self-Excitation of Induction Motors 


In some capacitor applications the 
system is so arranged that, in the event of 
opening of a feeder circuit breaker, an 
induction motor paralleled with a capaci- 
tor may be isolated from the remainder of 
the system. The stored energy in the 
rotor and load will then drive the motor, 
and, if the kilovolt-amperes of the capaci- 
tor is sufficiently large, the combination 
will become self-excited, the motor acting 
as an induction generator receiving its 
excitation from the capacitors. The 
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Figure 10. Relative costs of capacitors and 
synchronous condensers for conditions enu- 
merated in Figure 9 


overvoltage is rarely of sufficient magni- 
tude to endanger the insulation. If lights 
are connected to the same circuit, their 
life may be shortened somewhat because 
of the magnitude and duration of the 
overvoltage. These situations, however, 
rarely occur. 


Conclusions 


1. Capacitors are usually the most eco- 
nomical form of supplying basic kilovars 
when installed near the load. 


2. Capacitors release transformer, feeder, 
substation, or generator capacity, or stated 
otherwise, permit greater loading in terms of 
active or real power. This is particularly 
important during the war emergency. 


3. Unless switching is used, the amount of 
capacitors that should be installed may be 
limited by 


(a). Overvoltage conditions at light load. 
(b). Synchronous machine instability. 


(c). Over-all system energy losses. 


4. The addition of capacitors reduces the 
system losses by supplying the load kilovar 
component. The greatest economy is ob- 
tained by supplying the kilovars close to the 
load. Reduction in total system losses re- 
duces the fuel required to supply the load 
and also makes available additional gen- 
erating capacity. 


5. Capacitors require less critical material 
than synchronous condensers and do not 
tie up manufacturing space now required 
for equipment more essential to the war 
effort. 


6. Permanently connected capacitors re- 
duce voltage drop but have only a minor ef- 
fect upon the regulation, since they raise 
the voltage at light load and at full load by 
substantially the same amount. 


7. Capacitors, when located close to the 
load, release more kilovars in the synchro- 
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nous machines than is indicated by the 
capacitor name-plate rating, 


85 A capacitor does not have the favorable 
characteristic of a synchronous condenser in 
reducing light flicker, 


9. The initial cost of capacitors and syn- 
chronous condensers balance around 7,000 
kva, but, when the greater losses of the 
synchronous condenser are taken into con- 
sideration, the balance point will be very 
much greater. In this comparison it is neces- 
sary in some cases to recall that a standard 
synchronous condenser, if required, can also 
absorb kilovars from the system to an extent 
equal to 50 per cent of its rating. 


10. Capacitors reduce billing charges, a 
factor of great importance to industrial cus- 
tomers having a power-factor clause in their 
power contracts. 


11. Capacitors are readily made portable 
to provide emergency capacity where 
needed, 


12. The proper application of capacitors 
requires a consideration of all components 
of the system, including generation, trans- 
mission, and distribution. 
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Synopsis: The cathode-ray oscillograph be- 


cause of its inherent characteristics is 


ideally suited and extensively used for the 
Measurement of transient voltages associ- 
ated with switching operations. 


The type 
of oscillograph ordinarily used covers a wide 
range of measurement conditions and is 
necessarily large and expensive. For this 
reason very few such units are available, and 
new problems, arising from the necessity of 
providing reliable service with loads in- 
creasing because of the war effort, have re- 
quired every available measurement facility. 

In two recent applications where ex- 
tremely wide-range performance was not re- 
quired, a two-tube low-voltage cathode-ray 
oscillograph was used successfully. This 
oscillograph and the two applications are de- 
scribed, and it is shown how such measure- 
ments of long-time transients may be made 
with portable, inexpensive, and relatively 
simple equipment embodying the advantages 
of cathode-ray oscillography. 


INCE it first began to be appreciated 
that the transient voltages asso- 
ciated with the opening or closing of an 
electric-power circuit had an important 
bearing on the switching device, as well 
as the connected circuit elements, much 
thought and effort have gone into the 
development of instruments which will 
measure these transients faithfully.1~* 
This development has led to the modern 
cathode-ray oscillograph which tells the 
complete story of the transient both as to 
time and amplitude. 
This instrument is suited ideally to this 
task because of certain inherent char- 
acteristics: 


1. Its indicating element, a beam of elec- 
trons, has inertialess response to the rapid 
changes of the transient voltage. 


2. It may be constructed so that its beam 
intensity is adequate to give a photographic 
record of those changes. 


3. It may be either a voltage-sensitive or a 
current-sensitive device, but as the former 
it is capable of giving a measurement with 
extremely low energy drain from the circuit 
being measured. This means that it may be 
used with high-impedance-capacitance volt- 


Paper 43-35, recommended by the AIEE commit- 
tees on instruments and measurements and protec- 
tive devices for presentation at the AIEE national 
technical meeting, New York, N. Y., January 25-29, 
1943. Manuscript submitted November 12, 
1942; made available for printing December 18, 
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ate-Ray Oscillograph Apted 
to Long-Time Switching Transients 
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age dividers for the measurement of ex- 
tremely high voltagesat transient frequencies 
where potential transformers, even though 
practical from a voltage standpoint, would 
not respond accurately to the rates of change 
involved. 


4. Its beam may be turned on or off with 
such speed and precision that recording may 
be readily synchronized with the occurrence 
of the transient, even to the extent of having 
the transient itself initiate the recording 
sequence. 


Cathode-ray oscillographs have been 
designed and built and are in daily use in 
switchgear laboratories that are capable 
of recording, for all three phases, many 
cycles of power-frequency voltage, while at 
the same time adequately resolving tran- 
sient oscillations of the highest frequencies 
encountered in this type of phenomena. 
Such units designed to cover the full range 
of measurement possibility are necessarily 
complicated and expensive, and, while 
they can be made mobile, they scarcely 
would be considered as portable. How- 
ever, this full range of measurement 
capability is not always necessary. In 
fact, it is frequently desirable to sacrifice 
high-speed time resolution in order to get 
a better picture of the relation between 
various parts of long-time transient 
phenomena. 

While this, of course, is readily accom- 
plished with the big high-speed oscillo- 
graph, only a few such outfits are avail- 
able, and these just about cover normal 
measurement needs. With the increased 
loading of electrical systems because of 


the war effort, many new engineering 
problems are constantly arising. The 
solution of these problems frequently 
requires both laboratory and field inves- 
tigations to supplement past experience, 
and additional measurement facilities 
must be provided, 

It is apparent that applications in- 
volving long-time transients may be 
handled by a cathode-ray oscillograph 
which, without the high-speed features 
of the all-purpose type mentioned above, 
could be made far simpler and less ex- 
pensive. In the following pages such a 
simple, inexpensive outfit is described 
along with two applications to switch- 
gear field testing. 


The Oscillograph 


This special cathode-ray oscillograph 
shown in Figure | was designed to record 
long-time transients with durations up 
to one or two seconds. For this reason 
it can use a low-voltage cathode-ray tube, 
and the unit incorporates two such tubes. 
Recording is by moving film photography. 


(a). TUBES 


The two cathode-ray tubes which are 
operated at 1,300 volts have three-inch 
fluorescent screens of the high-peak- 
intensity short-persistance type suitable 
for moving film photography. A view 
from above the oscillograph looking down 
into the tube compartment as in Figure 
2 shows one tube in full but only the 
white screen of the second tube which is 
mounted directly underneath the first 
one. The voltages to be measured are 
applied to the vertical deflection plates, 


Figure 1. Special cathode-ray oscillograph 


Side panel removed showing power-circuit 
and film-shifting relays. Film drum and drive in 
position 
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so that the traces appear on the tube 
screens as unidimensional Lissajous fig- 
ures in line with each other, and time 
resolution is provided by the motion of 
the recording film. 


(b). 


An f2.0 lens, which may be seen inside 
the tube compartment at the end next to 
the driving motor in Figure 2, focuses 
the cathode-ray traces on a moving film. 
The film, 37/s by 30 1/2 inches is held by 
spring belts on the rotating drum shown 
in its holder in Figure 3. The drum holder 
is equipped with a manually operated 
shutter and a removable cover for load- 
ing. It is readily attached to the oscillo- 
graph case by spring clips as shown in 
Figure 1, and, when in place, the axis of 
the drum with its key fits inside a hollow 
slotted driving shaft which in turn is 
geared to a small electric motor. The 
drum is free to move inside the holder a 
distance of several inches in a vertical 
direction, so that different portions of the 
film may be exposed to give several rec- 
ords on a single film. Its vertical posi- 
tion is determined by the position of a 
supporting threaded collar which may 
be moved up and down on the outside 
threaded driving shaft. In operation the 
drum is automatically shifted a pre- 
determined space after each exposure. 
This is accomplished by causing a sole- 
noid operated lever to engage the support- 
ing collar. The collar then moves down- 
ward as the shaft continues to rotate. 
When the lever is not engaged the collar 
rotates with the shaft and has no vertical 
motion. The distance the film is shifted 
is dependent on the time the lever and 
collar are engaged and this time is deter- 
mined by the setting of a time-delay 
relay which controls the solenoid. A 
limit switch removes all power when the 
drum attempts to shift past the final 
position. All of these elements are 
visible in Figure 1. 


Firm Drum 


(c). Crrcuit 

The oscillograph circuit is shown 
schematically in Figure 4. Capacitance 
C, is kept charged to 1,300 volts to sup- 
ply all d-c potentials. The cathode-ray 
tube excitation and control voltages are 
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Figure 2. Top view of special 

cathode-ray oscillograph with 

cover and film drum removed, 

showing position of two tubes 
and lens 


Figure 3. Film drum and holder with cover 
removed 


Shutter visible at rear of holder 


GND. INITIATION DEFLECTION 


Figure 4. Schematic diagram of circuit for 
special cathode-ray oscillograph 


LINE SIDE 
PHASE 8 


PHASE A 


obtained from the voltage divider con- 


sisting of R;, Re, R3, and Ry. The beam ~ 


intensity is controlled by adjustment of 


Ri, and, when this is set just at cut-off, © 


the circuit involving thyratrons JT, and | 


T2 may be used to initiate the beam auto- 
matically for a predetermined length of 
time. 

For such automatic initiation a positive 


pulse is applied to either initiation ter-_ 


minal. The double input permits trip- 
ping from a surge of either polarity by 


supplying the trip indication through a _ 


transformer or coil with a grounded mid- 
point. When the trip impulse is re- 
ceived at the grid or grids, either 71 or 


T» fires and discharges C, through Ro. — 
This causes current to flow through Rs © 


and R;, thereby reducing the cathode-ray 
tube-control grid bias enough to establish 
the beam. When C, is discharged, 7) 
and 7, regain control since the current 
through R; is too small to maintain 
ionization. However, the cathode beam 
is maintained until C, is recharged and 
this time may be adjusted over wide 
limits by selection of proper values for 
Rs, Ry, and C4. 

When C;, begins to discharge, a positive 
pulse is applied through C; to the grid 
of thyratron 73. This fires 73; and dis- 
charges C; through the time-delay relay 
circuit. After this indication the time- 
delay relay circuit begins its sequence and 
after a delay of several seconds energizes 
the film-shifting solenoid for the period 
of time set by the relay adjustment. 


(d). OPERATION 


The normal sequence of events in ob- 
taining a record with the oscillograph is 
as follows: 


1. With the loaded film drum in place and 
set for its highest position, the tubes are 
energized and the motor started. 


2. The shutter on the film holder is opened 
manually, and the tripping impulse is ap- 
plied to the initiation circuit. This pro- 
duces two traces on the film showing what- 
ever voltages were on the deflection plates 
during the time the beam was on. 


BUS SIDE 


PHASE C PHASE A PHASE B PHASE C 


‘ xe es os 
N S - Pos oa / 
Figure 5. Voltage-divider and pCHIELDED, LEADS. APPROX. 250 FEEILONG: ye 
oo a“ ~ 
cathode-ray-oscillograph con- 
nections for measurements on 
230-kv system at Boulder Re Re Ra Re Be Re 
power plant CRO UNIT A CRO UNIT B CRO UNIT C 
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B gure 6. Sample cathode-ray oscillogram of 
line-dropping test on 230-kv system 


A. Bus side of oil circuit breaker, Voltage to 
ground, phase A 
Line side of oil circuit breaker, voltage to 
ground, phase A 
Tine progresses from left to right 


‘Scale: 1 centimeter=4,400 microseconds 


3. The film is automatically shifted to ex- 


pose a fresh portion. 
4. Steps 2 and 8 are repeated if desired, 


5. The oscillograph power is removed and 
the film is ready for development. 


Measurements on 230-Ky System 


While the oscillograph was not origi- 
nally designed for switching transients in 
particular, it was available and worked 
out very well when such an application 
presented itself. 

When plans were made to conduct line- 


switching tests with a 230-kv oil circuit 


breaker on the system of the Southern 
California Edison Company Ltd. at 
Boulder power plant, the feasibility of 


_ taking cathode-ray oscillograms of the 


voltage transients was considered. It 
was known that the transient frequen- 
cies involved would not be very high 
because of the large capacitance of the 
connected transmission lines. In fact, 
the expected frequencies were not above 
the capability of a magnetic oscillograph. 
However, no potential transformers were 
available for the measurement of voltages 
which might reach crest values of several 
hundred kilovolts, and the capacitance 
potential devices normally used to meas- 
ure steady-state voltages could not be 
expected to give true transient response 
with a magnetic oscillograph connected. 
A cathode-ray oscillograph, on the other 
hand, could readily be used with capaci- 
tance voltage dividers and, in addition, 
could be relied on to follow accurately 
any abrupt voltage changes such as 
would be associated with restriking. 

On this basis it appeared that the 
cathode-ray oscillograph described above 
would be suitable, and plans were laid 
accordingly. 

Since several of these two-tube units 
were available, it was decided to use 
three and measure voltages to ground for 
both line side and bus side of the breaker 
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on each phase. Capacitance potential 
devices were also available in each of 
these positions. Such measurements 
involved the subtraction of two voltages 
to determine the voltage across a pole 
of the breaker but provided the desirable 
measurement of the actual voltages to 
ground to which the system insulation 
was subjected. 


(a). INSTALLATION 


The oscillographs were set up in a room 
under the switchyard where the breaker 
and capacitance potential devices were 
located, and the cathode-ray tubes were 
connected to their respective voltage 
dividers by shielded cables approximately 
250 feet long. The connections were 
as shown in Figure 5, and it may be seen 
that the arrangement was such as to give 
the voltages on both sides of each breaker 
pole on a single film. 

The voltage dividers were contrived by 
using the coupling capacitor units in- 
stalled on the two outgoing transmission 
circuits, and these constitute the C, units 
in Figure 5. The C, units were made up of 
small radio-type capacitors. Two differ- 
ent values were used depending on the 
expected voltage. Ratios for the two 
conditions were 8,300 to 1 and 4,600 to 1 
which provided for recording up to crest 
voltages of about 800 and 450 kv re- 
spectively. 

During a test the regular potential 
network and carrier-current equipment 
were disconnected from the coupling 
capacitors, and connection was made to 
the Cs units. Connection to the cables 
from the voltage dividers was through 
resistances, Ri, equal to the cable surge 
impedances. At the oscillograph end each 
tube was provided with a leakage resist- 
ance, Rs, to prevent accumulation of 
charge on the deflection plates from stray 
electrons of the cathode beam. All of 
the oscillograph grounds were connected 
to the cable shields, and actual grounding 
was done at only one place. Care was 
taken to minimize loops between volt- 
age leads and ground returns. 


(b). OPERATION 


The oscillographs were initiated simul- 
taneously by the application of a positive 
battery voltage. This was accomplished 
by a relay which was energized at the 
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same time as the trip coil of the circuit 
breaker, 

The film-shifting feature proved very 
convenient in that it was possible to | 
record all voltages for each series of five 
tests without changing films. For this 
reason no delays in the testing schedule 
were chargeable to cathode-ray-oscillo- 
graph operation. 

Voltage calibrations were obtained by 
recording steady-state voltages with the 
cathode-ray tubes connected to one set 
of voltage dividers while the line voltages 
were read in the usual way with the other 
set of potential devices in normal opera- 
tion. This procedure was repeated with 


LINE | LINE 2 LINE 3 


CRO UNIT A = CRO UNIT B 


Figure 7. Woltage-divider and cathode-ray- 
oscillograph connections for measurements on 
the 15-ky system of a large industrial plant 


the roles reversed for the two sets of 
potential devices to complete the calibra- 
tions for all six tubes and dividers. 

A complete set of oscillograms was ob- 
tained for each of the 41 tests made at 
Boulder power plant. The results are 
analyzed elsewhere,‘ but a sample record 
is shown in Figure 6. For these tests a 
film speed of approximately 90 inches per 
second was used with a beam duration of 
about a half-second. This gave some 
overlapping of the record but was not 
objectionable. Zero lines were provided 
by tripping the beams on for an exposure 
with the deflection plates grounded. 

It is interesting to note in passing that 
the entire equipment for these measure- 
ments, including shielded cable and dark- 
room supplies, had a shipping weight of 
less than 900 pounds. 
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Measurements on a 15-Kv System 


Since the low-voltage two-tube oscillo- 
graph worked out so well on the Boulder 
power-plant application, it was the 
logical choice when cathode-ray oscillo- 
grams were required on some recent 
capacitor switching tests. These tests 
were on a 15-ky circuit at a large indus- 
trial plant. In this case line-to-ground 
voltages on the capacitor side of the 


across which the cathode-ray tube was 
connected to give a ratio of 100 to 1 and 
recording up to ten kilovolts. 

Again a single ground connection was 
made, in this case at the oscillographs. 


(b). OPERATION 


Initiation of the oscillographs was 
accomplished in the same manner as at 
Boulder power plant except that the relay 
was energized simultaneously with the 


Conclusion 

The preceding paragraphs have given 4 
description of a special cathode-ray oscillo- 
graph incorporating a number of new fea- 
tures. This oscillograph uses the inexpen- 
sive low-voltage tube found in thousands 
of small oscilloscopes used in practically 
every laboratory, radio service shop, and 
engineering classroom of the country. It, 
however, utilizes the features of moving 


breaker only were required, and two of the 
two-tube units were used. With one tube 
for each phase, the spare measuring ele- 
ment was connected to measure the 
voltage fluctuations of the capacitor 
neutral. 


(a). INSTALLATION 


The oscillographs in this case were set 
up in a temporary shack immediately 
adjacent to the circuit breaker and capact- 
tor installations. The connections which 
are shown in Figure 7 were essen- 
tially the same as those used at Boulder 
power plant with one exception. In this 
case the distance from the high-voltage 
capacitors to the oscillographs was not 
over ten feet and so the C; capacitors were 
mounted at the oscillograph end of the 
shielded leads. 

The high-voltage capacitors (C;) in this 
case were not regularly installed equip- 
ment but were provided with the oscillo- 
graph equipment. They consisted of 
porcelain wall tiles with inside and out- 
side surfaces coated with metal foil over 
a sufficient area to give a capacitance of 
200 micromicrofarads. The C; capaci- 
tors were again of the radio type and 
the ratio used was 300 to 1, which per- 
mitted recording up to approximately 
30 kv. 

For the measurement of the neutral 
voltage a resistance divider was used. 
This consisted of a string of ten two-watt 
metalized resistors totaling 50,000 ohms 
(R;) in series with a 500-ohm unit (R») 
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Figure 8. Sample cathode-ray oscillograms of 
capacitor switching tests on 15-ky system 
showing several tests on single film 


A. Capacitor voltage to ground, phase 1, 
test 39 

B. Capacitor voltage to ground, phase 2, 
test 39 

C. Capacitor voltage to ground, phase 1, 
test 41 

D. Capacitor voltage to ground, phase Q, 
test 41 

E. Steady-state 60-cycle voltage on phase 1. 

Prior to test 42 
Time progresses from left to right 
Scale: 1 centimeter=4,400 microseconds 


starting of the magnetic oscillographs. 
From one to five records were taken on 
each film depending on the needs of the 
testing schedule. 

Since magnetic oscillograms of the 
voltages on the bus side of the breaker 
were taken, it was possible to obtain 
voltage calibrations for the capacitance 
dividers by comparing the magnetic os- 
cillograms with the cathode-ray oscillo- 
grams at times when the breaker was 
closed and steady-state voltages were 
present. Calibration for the resistance 
divider was obtained from direct measure- 
ment of the resistances R; and Rs». 

Oscillograms were obtained for 52 tests, 
including both opening and closing opera- 
tions of the breaker. A film speed of 90 
inches per second and beam duration of 
a half-second were used again and zero 
lines were provided as before. 
record is shown in Figure 8. 


A sample 
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film recording and automatic-beam con- 
trol ordinarily found only in high-voltage 
equipments. In addition it uses two 
tubes to provide for the simultaneous 
recording of two phenomena. 

It also has been shown how this oscillo- 
graph by actual performance in the field 
has proved itself well-suited to the meas- 
urement of long-time transients. It 
compares favorably with the high-voltage 
cathode-ray oscillograph if high recording 
speeds are not required, especially if cost 
and size are factors to be considered. It, 
of course, is not to be considered as a 
general substitute for the magnetic oscil- 
lograph since it does not have so many 
recording elements. Rather it is an 
additional measuring device which re- 
alizes with low cost and simplicity the 
peculiar advantages of the cathode-ray 
oscillograph, low energy drain and in- 
ertialess response, for the problem of 
long-time transient measurement. 
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Synopsis: The paper presents the position 
of the three types of motive power in rail- 
road service and offers a brief historical 
background to show how each one arrived 
at its present status. A table lists advan- 
tages and disadvantages inherent in each 
type and includes supplementary informa- 
tion to explain the listings in the table. The 
subject is presented from the viewpoint of 
the user, and a method of determining more 
closely the place for each type of locomotive 
is suggested. An appendix lists all of the 
considerations which must be included in 
a complete cost study. 


OR 60 years the steam locomotive 

was without competition, as a form 
of motive power, on American railroads. 
Its first serious competitor, the electric 
locomotive, appeared in 1895 and during 
the following 40 years displaced steam 
in several specific applications. The 
reasons for this were that the electric 
locomotive possessed certain inherent 
advantages that made it both more de- 
sirable and economical for these appli- 
cations. Electrification did not displace 
steam operation completely, because ex- 
perience demonstrated its limitations. 
The Diesel-electric locomotive made its 
initial appearance in this country—in 
switching service—in 1925, but, as in the 
case of the electric locomotive, almost 
ten years went by before the. industry 
accepted it as a competitor. From 1935 
to date the Diesel-electric locomotive 
forged ahead more rapidly than either of 
its competitors—electric or steam—in 
any similar period. There were many 
reasons for this. Outstanding among 
these are that the Diesel-electric has 
most of the advantages of both electric 
and steam motive power without too 
many of its disadvantages, plus an 
appeal to the public that increased the 
revenues of the railroads when an in- 
crease was desperately needed. What, 
now, are the limitations of the Diesel- 
electric locomotive, and to what extent 
can either the electric or Diesel-electric 
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be expected further to encroach upon the 
dominions of steam. 

One hundred years of railroading have 
demonstrated ‘that, in the final analysis, 
any controversy that exists as to which 
is the best type of motive power must 
be decided upon the basis of sound eco- 
nomic principles. Experience has also 
demonstrated that there is no universal 
formula by which the user can determine 
whether one or the other type should or 
should not be used, but there are certain 
fundamentals upon which agreement can 
be reached, through the application of 
which a final choice may be made. No 
application of these fundamentals can be 
made until the problem is clearly stated. 


Historical Background 


The steam locomotive came into being 
more than 100 years ago as a competitor 
to the horse and the canalboat. From 
that point it grew in size and power, and 
the railroad grew with it, including the 
enginehouse, the shop, water and fuel 
services, and all facilities required to 
maintain and operate steam power. 
Most railroad operation is designed 
around the characteristics and require- 
ments of the steam locomotive. 

The electric locomotive was first ap- 
plied to trunk-line railroad service in 
1895, when it was used to eliminate a 
smoke hazard by hauling trains with 
their steam locomotives through the 
Baltimore and Ohio tunnel at Baltimore 
Md. From this beginning its use was 
extended to the operation of congested 
city terminals where smoke eiimination 
was important, to operation of trains on 
heavy grades (including tunnels), to 
suburban passenger service requiring 
short headways and rapid acceleration 
was also a 
general 


where smoke elimination 
factor, and to  heavy-traffic 
service lines where the added cost of the 
power distribution system could be justi- 
fied by savings in operating cost and im- 
proved service. 

The Diesel-electric locomotive 
developed from the rail car, the latter 
having been used for several years to 
take care of diminishing traffic on branch 
The first locomotive of this type 


Was 


lines. 
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to be used on American railroads in 1924 
was in fact a rail car equipped with a 
heavy-duty Diesel engine and electric 
transmission. From this beginning the 
application of Diesel-electric locomotives 
to switching service has been extended 
until a railroad purchase of a new steam 
switcher is exceptional, 

Road application of Diesel engines 
began with lightweight passenger trains 
in which the first car contained baggage 
and mail compartments, in addition to 
the space occupied by the power plant. 
These trains were increased in size, and the 
motive power grew from one to two, and 
finally to a three-unit Diesel-electric 
locomotive. Four-unit locomotives are 
used in freight service, and some Diesel- 
electric locomotives are used  inter- 
changeably in freight and passenger 
service, 

A common error made by transporta- 
tion engineers, for reasons best known to 
themselves, in dealing with the selection 
of motive power has been to approach the 
problem primarily on the basis of sub- 
stituting one type of motive power for 
another, whereas actually the ultimate 
solution may be an economically sound 
use of combinations of different types— 
each in the place where and to the ex- 
tent to which it is best suited. 


Table 1. Analysis of Motive-Power Charac- 
teristics 
Diesel- 
Electric Steam Electric 
1. Operating Cost 
Reine Reh hansen eet: cite Dotan nabs ie TD 1s eA 
(CG) Wiateriie are nets toe erie crete 
(Ciblbubricantse s.reteatictene aes ee eee 
(d). Enginehouse ex- 
pense... F Dg ae = J) A 
(e). Supplies (of no 
great impor 
tance) 
2. Fixed Charges 
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A—Advantage. D—Disadvantage. 
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The first requisite is to state the prob- 
lem; in simple terms it is how to decide 
whether or not to use steam, Diesel- 
electric, or electric motive power, or 
combinations thereof, for performing the 
required functions of a railroad. A study 
of the problem may, for example, indi- 
cate that, todo a specific job, a railroad 
should use Diesel-electric switchers, Die- 
sel-electric road passenger locomotives 
and steam freight locomotives, or pos- 
sibly Diesel-electric switchers and electric 
road passenger and freight power. It is 
quite possible that, to the man with an 
open mind, the very effort to prove the 
case for one type of motive power as 
against another may demonstrate the 
logic of utilizing combinations. 

The second requisite is the necessity 
of collecting a variety of data relating 
to the specific application under con- 
sideration. The nature of those data may 
be seen by reference to Appendix A. 

Once the basic data have been col- 
lected and studied, an equal familiarity 
with the characteristics of the three 
types of motive power should be ac- 
quired. With that end in view Table I 
has been prepared. For those interested 
in the reasons why any given character- 
istic is considered an advantage or a dis- 
advantage, it may be of value. 


Fuel 


When the cost of coal delivered to the 
tender is four dollars a ton, the cost of 
coal is about the same as the cost of 
power required for an electrified line. 
This relation will vary considerably, de- 
pending upon the power contract, the 
amount of transmission and distribution 
losses, and so forth. But experience in- 
dicates that if the cost of coal is less 
than this, no savings in fuel cost can be 
made by electrifying a steam-operated 
railroad. For class I railroads the aver- 
age cost of coal delivered to the railroad 
is $2.68. To this must be added the cost 
of distributing it to the coaling plants 
and loading it on the tender. The cost of 
handling coal from the car to the loco- 
motive (including fixed charges) is about 
15 cents per ton. Obviously, the rail- 
roads which are remote from sources of 
supply pay a greater hauling charge than 
those with short hauls from the mines. 

Fuel costs for steam and Diesel-electric 
locomotives can be compared best from 
performance records. One railroad using 
both types for freight service reports a 
fuel cost of 33 cents per mile for coal- 
burning steam locomotives and 28 cents 
per mile for Diesel-electric locomotives 
in the same service. These figures favor 


236 TRANSACTIONS 


DIESEL-ELECTRIC 
LOCOMOTIVE 
5400 HP 


STEA 
a 
Las SS | 


cNe 


DRAWBAR PULL — THOUSAND POUNDS 


ELECTRIC 
LOCOMOTIVE 
CONTINUOUS 


(0) 20 40 60 80 
SPEED— MILES PER HOUR 


Figure 1. Comparative drawbar-pull-speed 
curves of electric, steam, and Diesel-electric 
locomotives on one per cent grade 


Type Weight on 
Locomotive Drivers ‘Total Weight 
Electricueaee ma 360,000. .. . 460,000 
Sleamuectnecteacn 981,440. ..1,050,010 (incl. tender) 
Diesel-electric. .. .856,000. .. .856,000 


the steam locomotive somewhat, since in 
this instance the Diesel-electric locomo- 
tives are operated in high-speed service, 
whereas the steam locomotives are used 
at lower rates of speed. 

In passenger service one road reports 
fuel costs of 17 cents and 10 cents for 
steam and Diesel-electric locomotives, 
respectively, a saving of 41.1 per cent. 
In two other cases the savings reported 
are, respectively, 16.3 and 39.8 per cent. 

It is in switching service that the 
Diesel-electric locomotive makes the 
greatest saving of fuel. There are three 
reasons for this. One is the inherently 
high thermal efficiency of the Diesel 
engine. Another is the relatively high 
standby losses of the steam locomotive, 
and the third is the electric transmission 
which permits the Diesel engine to oper- 
ate near its full-load rating at all loco- 
motive speeds. Hourly fuel costs taken 


from a recent report are shown in Table 
it. 


Water 


The average water cost for a steam 
locomotive is approximately ten 
cent of the fuel cost. 


per 
On Diesel-electric 
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and straight-electric locomotives, water | 


is a relatively small item, even in pas-_ 


senger service which requires oil-fired 


boilers on the locomotive for train heat-_ 


ing and for the steam-ejector type of air 
conditioning. The amount of water used 
for this purpose is only about one tenth 


of the total water used for all purposes — 


by asteam locomotive in the same service. 


In freight and switching service, the 


electric locomotive uses no water, and the 


amount needed by the Diesel-electric 
locomotive is practically negligible. 


Lubricants 


An empirical method of approximating _ 


lubricating costs for Diesel-electric loco- 
motives is to assume that the consump- 
tion of lubricating oil is from 11/2 to 3 
per cent of the fuel oil, whereas the cost 
per gallon is ten times as much. Thus 
the cost of Diesel-electric lubricating oil 
is from 15 to 30 per cent as much as the 
fuel cost. Steam locomotives doing the 
same work will consume lubricants cost- 
ing about half as much as those used 
by the Diesel-electric locomotive, and 
accumulated experience shows that the 
cost of lubricating electric locomotives 
is much less than that for steam. 


Enginehouse Expense 


Enginehouse expense is a disadvantage 
of the steam locomotive. In road service 
it may be from 1.6 to 4 times as much for 
the steam as for the Diesel-electric loco- 
motive, while in switching it may be from 
5 to 12 times as much. Thus on roads 
using both types of power we find such 
costs, as -are given in Table ITI. 

Electric-locomotive enginehouse ex- 
pense is less than that of the Diesel- 
electric, since it is essentially a Diesel- 
electric without the Diesel engine. The 
high steam costs arise from the fact that 
the steam locomotive requires periodic 
attention for the cleaning of flues, boilers, 
grates, and so forth, with the resulting 
need for resteaming and attention to 
fires. 

Locomotive supplies are an item in- 
cluded in all locomotive cost accounting, 
but they are a small one, and there is so 
little difference for each type that this is 
not a controlling factor. 


Smoke Elimination 


Electric locomotives are completely 
effective in eliminating smoke. They 
have been responsible for the transform- 
ing of smoking yards into first-class 
residential districts and for the safe opera- 
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no’ a eat their expert gas and the 
fue they carry have precluded their use 
some terminals. 5 


Damage to Roadbed 


Electric and Diesel-electric locomotives 
which have no unbalanced weights in their 
wheels do not produce what is known as 
dynamic augment. This adds to the 


high speeds and in the case of slipping 
wheels may result in track stresses suffi- 
cient to kink the rails. The smaller 
wheel diameters and lower center of 
sravity used with Diesel-electric loco- 
motives increase shearing stresses at the 
head of the rail, but this is largely offset 
by lower axle loads. It is generally ac- 
-epted that the electric and Diesel-electric 
cause less damage to roadbed than steam 
locomotives, but much work is being done 
to improve the characteristics of the 
latter at high speeds. 


Merchandising Appeal 


Diesel-electric-powered streamlined 
trains were introduced in 1933, and the 
great imcrease in passenger traffic be- 

tween 1933 and 1941 is good evidence 
that people like them and will desert 
the highway for them. A part of the 

_credit for this shift must be given to fare 

adjustments and a part to air condition- 
ing, but undoubtedly the Diesel-electric 
locomotive deserves its share. 

_ At a meeting of the American Asso- 
ciation of Passenger Traffic officers in 
November 1941, an attempt was made 
to evaluate the influence of passenger 
service on freight traffic. A poll of rail- 
road traffic officers showed that none 
think it of no importance, and 84 per 
cerit of those questioned feel that the in- 
fluence of passenger service is either a 
major or an important factor. A some- 
what different attitude is shown by 
traffic managers who buy transporta- 
tion. Almost half of a number of these 
men who were questioned said that the 
great bulk of freight traffic is routed 
without consideration for passenger serv- 
ice. Even though the latter group is 
most nearly correct, it is obvious that 
passenger service is an important in- 
fluence. 


Dynamic and Regenerative Braking 
Dynamic braking has been developed 


for the Diesel-electric locomotive. This 
consists of using the traction motors as 
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problem of steam-locomotive design for _ 


‘ 
N 


generators and dissipating the energy 
generated in resistors. The brakes are 
designed to hold, at a definite speed on a 
descending grade, the same train weight 
that the locomotive can haul up the same 
grade at the same speed. In actual 
operation, on descending grades, train 
weight may be heavier, and speeds main- 
tained are higher than on the same grade 
ascending, so that for controlling such 
trains some assistance for the dynamic 
brake is required from the train air brakes, 


In trials on various grades, the amount 


of train air braking required was re- 
duced to approximately one fourth of 
that required by conventional braking 
with train air brakes. This represents 
an important reduction in brake shoe and 
wheel wear and reduces damage to wheels 
by overheating. It is also a safety de- 
vice. 

The electric locomotive is capable of 
employing regenerative braking—of re- 
turning the power generated in the 
motors to the power system. It is 
definitely superior: to dynamic braking 
for improving train operation, since it 
allows closer speed regulation on the 
down grades, and in actual practice on 
heavy grade lines it makes an appre- 
ciable saving of the electric energy re- 
quired by the railroad. 


Fixed Charges 


In the matter of fixed charges against 
operation, we are concerned with two 
major factors: first cost and service life. 
Originally, the Diesel-electric locomotive 
was at a distinct disadvantage with re- 
spect to steam because of high initial 
cost. However, progress in design and 
production methods, as well as an in- 
creased volume of production, has re- 
duced the initial cost of Diesel-electric 
locomotives to approximately $87.50 
per engine horsepower as compared with 
approximately $35.00 per cylinder horse- 
power for steam. 

The cost of an electric road locomotive 
is about $65.00 per continuous horse- 
power at the rail. To this must be 
added the cost of the power-distribution 
and contact system, but no close esti- 
mate of its cost can be made since, 
roughly speaking, the same system that 
serves ten locomotives can also serve a 
hundred. If a substitution of Diesel- 
electric or electric locomotives for steam 
is being considered, some credit should 
be given to the replacing units for fuel-, 
water-, and ash-handling systems and 
such enginehouse and shop facilities as 
are not required by electric or Diesel- 


electric power. In any plan for im- 


Wilcox, Oehler—Ratlroad Motive Power 


provement some real thought should’ be 
given to the elimination of terminals 
made possible by improved locomotives 
and better operation. 

To become involved here in any dis- 
cussion of the depreciation question 
would serve no good purpose. Experi- 
ence with steam and electric locomotives 
has demonstrated that a depreciation 
rate somewhere in the neighborhood of 
4.5 per cent well serves the purposes of 
the railroad industry’s present methods 
of accounting, In the matter of Diesel- 
electric locomotives, the question of de- 
preciation has been approached in a some- 
what different manner than has been 
the case with steam. By this is meant 
that recognition has been taken of the 
fact that a Diesel-electric locomotive 


- is, for example, 40 per cent Diesel en- 


gine, 40 per cent electric equipment, and 
20 per cent mechanical equipment. 
Because of this fact, three depreciation 
rates might be desirable: one to the 
mechanical equipment, one to the electric 
equipment, and one to the Diesel engine. 
Years of experience with both mechani- 
cal and electric equipment, such as is 
now used on Diesel-electric locomotives, 
have simplified the problem of establishing 
depreciation rates. The unknown factor 
has been that of the service life of the 
Diesel engine. It is quite probable that 
time will demonstrate that the economic 
service life of railway-type Diesel en- 
gines may be longer than was anticipated 
in the early days of their service on the 
railroads. To summarize this matter of 
depreciation without offering any con- 
clusion, it may be said that individual 
roads have established depreciation rates 
for Diesel-electric locomotives all the 
way from four to ten per cent annually. 


Operating Characteristics 


High acceleration is an inherent char- 
acteristic of both Diesel-electric and elec- 
tric locomotives and a_ characteristic 
which has been lacking in steam locomo- 
tives, particularly of older designs. 


Overload Capacity 


The electric is the only one of the three 
types of motive power which has real 
overload capacity. Steam locomotive 
horsepower depends upon mean effective 
piston pressure and speed, and _ horse- 
power outputs near the maximum are 
obtainable over only a short portion of 
the speed range. 

The maximum horsepower output of a 
Diesel-electric locomotive is dependent 
upon the capacity of the Diesel engines. 


lard 
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Table Il. Hourly Fuel Costs 
Diesel- 

Steam Electric Saving 
Railway A—600-hp 

Dieselssficn sheet $0.801 ..$0.224 ..$0.577 
Railway B—600- 
and 1,000-hp Die- 

SElStncs.1 Ses. ee eee iel20 O.s70 2. Oa7o0 
Railway C—1,000-hp 

Dieselssq ca. econ. 1.0636.. 0.3267.. 0.7369 


It cannot be increased above this amount, 
but the electric transmission permits the 
use of this horsepower over a relatively 
large part of the speed range. 

The relation of continuous tractive 
force to maximum tractive force of an 
electric locomotive is shown in Figure 1. 
Because the electric locomotive can draw 


from the power-supply lines up to the . 


heating limits of the motors, it can for 
short periods deliver horsepower out- 
puts which are almost twice the con- 
tinuous rating. Thus a locomotive hav- 
ing a continuous rating of 4,860 horse- 
power at 65 miles per hour may be capable 
of outputs at the driving wheels up to 
9,000 horsepower when the service con- 
ditions demand. In so far as perform- 
ance is concerned, it may be looked 
upon as the ideal locomotive. In actual 
practice, an electric locomotive having 72 
per cent of its weight on drivers can 
exert enough tractive force to slip its 
drivers at any speed. 

To obtain this overload capacity, opera- 
tion must be so arranged that the motor 
temperatures are well below maximum 
permissible values before the extra horse- 
power is called for. One overload must 
not be superimposed on another. Within 
the limits of its horsepower capacity the 
Diesel-electric locomotive is similarly 
limited. 


Availability 


When a steam locomotive arrives at 
its terminal, it requires certain servicing 
and repair operations. A study recently 
made by one railroad indicates that steam 
freight locomotives are in service ap- 
proximately 12 hours out of a 24-hour 
period, that they spend eight hours at 
terminals undergoing servicing and re- 
pairs and the other four hours waiting 


Table Ill. Enginehouse Expense 
Diesel- 

Steam Electric 
Freight service (per mile)... . $0.04 .-$0.01 
Passenger service (per mile).. 0.02 ... 0.012 
Switching 1 (per hour)....... 073939... 0.038 
Switching 2 (per hour)....... OF 2279) a= 020427, 
Switching 3 (per hour)....... 0.47 . 0.04 
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for something to do. This corresponds 
to an availability factor of 66?/; per cent. 
As compared with this figure, the Diesel- 
electric locomotive will have an avail- 
ability factor of possibly 90 per cent and 
the electric locomotive perhaps 95 per 
cent. Availability of any type of motive 
power can be improved by the intelligent 
use of modern terminal facilities. 


Flexibility 


The flexibility of Diesel-electric loco- 
motives is an ‘‘advantage characteristic” 
brought about by the fact that it is 
built in the form of ‘packaged power”: 
for example, in 1,000- or 2,000-horse- 
power units, from one to four of which 
may be used to provide the power re- 
quired for a variety of operating con- 
ditions. When, for example, a 5,000- 
horsepower steam locomotive is used on a 
“1,000-horsepower job,” the loss to the 
operating company entailed by the re- 
sultant low load factor is obvious. 

What has been offered in this paper 
may be considered as a pattern or de- 
sign for procedure. It is suggested that 
it now be implemented by setting up a 
set of specific conditions on a railroad 
or a section of a railroad. This specific 
case could then be placed in the hands 
of three groups of recognized transporta- 
tion engineers experienced in the applica- 
tion of steam, electric, and Diesel-electric 
motive power. Each group could then 
proceed to determine the extent that each 
type should be used for this specific case. 
When put together, the three reports 
would indicate to what extent definite 
values can be given to the many factors 
involved. 


Appendix A 


Data Required for the Selection of 
Proper Motive Power for a Specific 
Service 


1. No rule-of-thumb method for selection of type. 


2. Data required for selection of type: 

Density of traffic. 

Permissible hours of operation per year. 

First cost of each type plus attendant facili- 
ties. 

Maximum starting tractive force. 

Maximum running tractive force and speed. 

Limiting track and bridge conditions. 

Clearance diagram. 

Data on all track curves. 

Maximum operating speed. 

Maximum tonnage of train and number of 
cars (empties and loads). 

Complete profile and track alignment. 

All speed restrictions. 

Operating schedule with normal train. 

Operating schedule with maximum train. 

All intermediate stops and stop time. 

Helper zones and conditions. 

Altitude and climatic conditions. 


3. Method of determining physical characteristics 
and capacity: 
Determine weight required on drivers. 
Pick wheel arrangement to meet track curve 
and speed requirements. 
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Estimate power requirements, and justify by 
the necessary speed-time calculations. — 

See that this power may be built into the 
clearance limitations and with above wheel 


arrangement. 4 


4. Data required to compute operating costs: 

Wage agreements. 

Number of men in crew. ' 

Coal or steam oil-fuel cost (including all trans- 
portation and handling). 

Steam fuel consumption. 

Diesel fuel cost (including all transportation 
and handling). 

_ Diesel fuel consumption. 

Electric-power cost (rates 
charges). 

Electric-power consumption (including losses 
from source to locomotive). 

Combined power-consumption chart (based 
on train sheet). 

Lubrication cost for each type of locomotive: 

Water cost and consumption for each type. 

Cost of other supplies. 

Enginehouse expense for each type (actual, 
not assumed). 

Repair costs averaged for 20 years for each 
type. 

Operating cost of distribution equipment (elec- 
trification only). 

Maintenance cost of distribution system (elec- 
trification only). 

Operating miles or hours per year for each 
type of power in each class of service. 


and demand 


5. Data required to compute fixed charges: 

First cost of each unit of motive power. 

Plotted train sheets to determine number 
of motive power units including spares. 

First cost of all necessary attendant facilities. 

Interest rate on borrowed money. 

Depreciation rate for each locomotive and 
facility. 

Tax rate. 

6. Total cost to own and operate each type: 
Compute cost of operation per mile or hour, 
Multiply by total hours of operation per year 

(including relief). 
Add all fixed charges. 


There is no rule-of-thumb method by 
which the proper type of motive power 
(steam, electric locomotive or multiple-unit 
car, Diesel-electric locomotive or Diesel- 
electric railcar) may be selected for a given 
service. Whereas it is true that experience 
has proved that one or another type of 
power is the most economical for a specific 
operating condition (a Diesel switcher is 
economical where it can be operated 24 
hours per day), general classes of service 
cannot be so segregated. The density of 
the traffic, the permissible hours of operation 
per year, the first cost of the motive power 
and facilities, the relative operating costs of 
each, and other pertinent conditions must all 
be studied. The answer will be found in the 
summation of costs for owning and operating 
each type. 

The study which must be made in order to 
arrive at an intelligent selection of the most 
suitable and economical locomotive or car 
involves three general steps: 


1. Determination of the physical characteristics 
and horsepower capacity of the vehicle. 


2. Compilation of the comparative yearly operat- 
ing costs of each type under consideration. 


3. Addition of the yearly fixed charges of the 
motive power and its appurtenances (which include 
the power distribution system in the case of elec- 
trification). 


Selection of Locomotive Characteristics 


The selection of the proper locomotive 
weight and wheel arrangement and a deter- - 
mination of the power which should be built 
into the locomotive must be the result of 
careful study of all of the operating require- 
ments to be met. Among these are: 


Maximum starting requirements. 
Maximum running tractive force at a known speed. 
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ee. es ae 
ack or bridge conditions. 
diagram. . ; 


‘Sharpe curves which must be negotiated. 


Maximum speeds of operation. 


Maximum tonnage to be hauled. 
Complete profile and track alignment. 

All speed restrictions. 2 

Operating schedule with normal train. 
Operating schedule with maximum train 
All intermediate stop time. 

Grades where helpers may be used. 
Altitude and climatic conditions. 


The weight per driving axle is limited by 
track and bridge strengths, the minimum 
weight on all drivers is fixed by the maximum 


_ tractive force required (starting or running), 


the permissible rigid wheel base is deter- 
mined by the sharpest curves to be negoti- 
ated, the use of guiding axles or trucks is a 
function of the maximum speeds, and the 
power which must be applied is determined 
by the train weights, profile, speed restric- 
tions, and necessary schedules to be met. 
The steam or electric locomotive selected 
may be one which has been built previously 
or a modification thereof, while the Diesel- 
electric is usually the nearest commercial 
size (in production) which fulfills the condi- 
tions. 


Operating Costs 


With the operating conditions known, and 
a locomotive of each type selected (or pos- 
sibly a railear or multiple-unit cars), the 
next step is to determine the operating 
yearly costs for each system. There are 
seven general cost items which form the 
basis for compiling these figures. In addi- 
tion, electrification carries two other charges 
—operation of substations and maintenance 
of distribution system. These charges, then, 
are: 


Wages—enginemen and train crew 

uel (steam or Diesel-electric) or power cost (elec- 
tric) at the locomotive. 

lubrication. 

Water (only for train heating boilers in Diesel- 
electric or electric locomotives). 

Other supplies. 

I’nginehouse expense. 

Repairs—running and class. 

Operation of distribution equipment (electrification 
only). 

Maintenance of distribution system (electrification 
only). 


Since wage rates, fuel consumptions, and 
other cost items may vary with different 
train consists, all such figures should be 
compiled on the basis of yearly aggregates, 
taking into consideration the hours or miles 
(and costs) operated by relief power of 
another type. 

Wage rates are subject to agreement be- 
tween the railroad brotherhoods and the 
railroad, and wage-rate books are normally 
available. Enginemen are usually paid on 
the basis of weight on drivers, so that excess 
weight should be avoided. 

The cost of coal for the steam locomotive 
should be the base rate (cost at the mine 
plus the freight charges to the lines of the 
railroad under study), plus a charge for 
hauling cost on its own line. To this must 
be added the handling cost per ton, which 
includes the operating costs on the coaling 
station. The fuel consumption rate and 
therefore the cost per mile or per hour must 
be determined from previous steam records 
for each train consist. 

The cost of fuel for a Diesel-electric loco- 
motive should be the cost in tank-car lots 
plus the two freight charges and the 
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handling already enumerated. Approxi- 
mately 260 gallons of Diesel fuel weigh a 
ton, so that the cost of transporting on com- 
pany lines is small. The fuel consumption 
and therefore the cost per mile or per hour 
for each train consist may be determined by 
a consideration of the profile, Diesel-engine 
fuel rates, and engine loading for the com- 
plete service cycle, including engine idling. 

The cost of electric energy must be ob- 
tained from a known power cost (rate plus 
demand charges), starting with the loco- 
motive power consumption and adding 
transformation losses (transformers, recti- 
fiers, rotary converters, motor generators, 
power-factor correction, and so forth, as 
used in the system considered), and distri- 
bution losses. The aggregate power con- 
sumption and the peak demands are deter- 
mined by a close study of the power re- 
quired by the individual trains over the pro- 
file and the train sheet from which a com- 
bined load curve is made. 

Lubrication costs for each type of motive 
power are fairly well known. Lubrication 
costs of the Diesel-electric, because they 
include that of the engine, are usually much 
higher than for either of the other types of 
locomotives. 

Water costs for steam locomotives are 
relatively high, as the other two types use 
water for train heat only. 

Other supplies are a minor item but are 
usually higher for steam than for either of 
the other two motive-power units, although 
for multiple-cab Diesel-electric locomotives 
this cost may exceed that of steam. 

Enginehouse expense is somewhat difficult 
to obtain. A steam locomotive requires 
considerable handling and care, including 
ash handling, boiler washing, and so forth. 
The Diesel-electric locomotive requires less 
attention than the steam locomotive, but 
more than is necessary for the electric loco-_ 
motive. This item of cost is usually recorded 
as cost per engine handled (per engine 
turned). 

For Diesel-electric power there is a 
tendency to assume that the enginehouse 
expense is low and arbitrarily to include a 
low figure in the cost comparison. This is 
sometimes an erroneous method, however, 
for unless the use of the Diesel-electric loco- 
motive actually results in a reduction of 
enginehouse personnel, there is no real sav- 
ing to the railroad. This is often the case 
where one or two Diesel-electric locomotives 
operate out of an enginehouse handling 
many steam locomotives. The best way to 
figure the Diesel-electric enginehouse ex- 
pense is to compute the actual enginehouse- 
expense Saving (not to be confused with sav- 
ings in personnel as a result of lower repair 
labor required), and subtract this from the 
normal steam expense to give the Diesel- 
electric expense figure. 

In an electrification it is frequently pos- 
sible to eliminate all steam power from the 
enginehouses, and this will effect very sub- 
stantial savings in enginehouse costs. 

Repair costs for steam power must be 
prepared from averages of similar operations 
over a long period of years corrected 
to the present-day value of the dollar. 
The reason for this is that certain costly 
repairs (classes I, II, and III) occur more 


or less infrequently and yet must be 
considered in the averages for the life 
of the locomotive. Similarly, Diesel- 


electric and electric motive-power-repair 
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expense figures must have a contingent 
amount included over and above normal 
current repair costs to cover reconditioning 
of long-life items. It may be pointed out 
that while the repair costs of the running 
gear and electric equipment are nearly com- 
parable for Diesel-electric and electric 
locomotives, the repair cost of the Diesel- 
electric will always be much higher than for 
the electric unit, because of the engine- 
repair costs, and also because it may be 
necessary to use a multiplicity of Diesel- 
electric cabs to do the work which may be 
performed by a single electric cab. 


Locomotive Utilization 


With all of the costs tabulated, the operat- 
ing cost per year for each method of pro- 
pulsion may be determined by combining 
these with the cost of the necessary relief- 
locomotive costs where the relief locomotive 
differs in type. In the case of steam or elec- 
tric operation, it may be assumed that suf- 
ficient reserve motive power is available to 
fulfill the scheduled service with that type of 
power, but where relatively few Diesel- 
electric motive power units are available, 
the total miles or hours of Diesel-electric 
operation are lower than the yearly requisite 
by the amount of relief necessary. The 
total hours and cost must then be filled out 
by steam-locomotive relief time and cost. 

In the case of switching locomotive power, 
it is often found that the Diesel-electric will 
cut the number of hours of service required 
to do a given amount of work. This is par- 
ticularly true in congested yard service, where 
a Diesel-electric locomotive will switch from 
20 to 33 per cent more cars per hour. In 
isolated service, however, .a one-to-one 
ratio usually holds, except that the Diesel- 
electric locomotive will frequently reduce or 
eliminate the overtime hours which are 
necessary with steam. To determine the 
actual ratio of hours (straight and overtime), 
it is necessary to analyze all switching-loco- 
motive assignments. In preparing a switching 
comparison of operating costs, it is usually 
desirable to segregate the cost tabulation 
into those services where the operation is 
continuous, where locomotives are assigned 
16 hours per day, and where assignments are 
for one trick per day only. In the last case, 
an economic justification of Diesel-electric 
locomotives depends upon a very low Diesel- 
electric first cost as compared to steam. 


Fixed Charges 


To figure the total cost of owning and 
operating any type of motive power, it is 
necessary to include those annual charges 
which are applicable. These fixed charges, 
independent of the intensity of utilization, 
are: 


Interest on the investment. 
Depreciation charge. 
Taxes, 

Insurance. 


Since it is necessary for railroads to bor-~ 
row money to purchase new motive power, 
the annual interest charge should be figured 
on the purchase price plus the first years’ 
interest charge, which is usually paid in 
advance. 

The depreciation rate is usually higher for 
Diesel-electric locomotives than for either 
of the other types of power. When added 
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experience with this type of motive power 
has been obtained, it may be found proper 
‘to establish a rate of depreciation com- 
parable to that used for other types of power. 
Taxes and insurance vary for different 
localities and must be determined on the 
same investment as is used for calculating 
the depreciation charge. 


Total Yearly Cost of Each System 


By totaling the fixed charges for any type 
of power and adding to its yearly operating 
cost, the annual cost of owning and operat- 
ing each type is obtained. Since the selec- 
tion of asystem of motive power is usually 
based on financial considerations, the results 
of the tabulations should have considerable 
weight in determining the type of locomotive 
which should be purchased. 


Comparative Figures Must Be Fair 


In order to be of value in analyzing the 
relative merits of the different types of 
power, all figures and calculations must be 
fair. If the approach to such an analysis is 
biased by a predilection for any one of the 
types, there are many ways in which a pref- 
erence may be shown. The results of sucha 
tabulation, however, are valueless. 


Field for Electrification 


The traffic conditions which must exist 
in order to justify electrification are fairly 
well known. Unless the traffic density is 
high, or special conditions exist to warrant 
the cost of erecting a power distribution sys- 
tem, consideration of electrification is seldom 
warranted. It must be understood, how- 
ever, that, where concentration of loco- 
motive power is essential, no other type of 
propulsion as yet devised can compete with 
the electric locomotive. 


Field for Diesel-Electric Motive Power 


Diesel-electric motive power is extremely 
flexible in its range of operation and has 
fairly low operating costs. Where it may be 
used intensively, so that the fixed charges per 
mile or hour are low, the total cost of owning 
and operating units of this type is in its 
favor. For the large bulk of the locomotive 
operations in the United States, however, 
freight locomotives average but 102 miles 
per day and passenger locomotives but 166. 
Until the first cost of Diesel-electric power is 
not more than 50 per cent greater than that 
for satisfactory steam power, the savings 
which may be made by Diesel-electric road 
power will not justify the replacement of 
steam power in the average service. How- 
ever, as the existing steam power must be 
retired because of age, the Diesel-electric 
savings need only justify the additional 
price necessary to acquire the Diesel-electric 
instead of new steam power. 

Diesel-electric locomotives may be used 
more intensively than steam power. This 
results, in some instances, in replacing sev- 
eral steam locomotives with one Diesel- 
electric locomotive of the same train-haul- 
ing capacity (two or three to one). 


Fundamental Basis for Motive Power 
Study 


It should be emphasized that all compara- 
tive studies should start with a consideration 


240 TRANSACTIONS 


The Power-Recovery System of Testing 
Aircraft Engines — 


G. E. CASSIDY 
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OR its part in the development of the 
power-recovery system of testing air- 
craft engines the electrical industry may 
properly take pride. It has aided the 
war effort by helping to give to the air- 
craft-engine industry a testing technique 
that contains advantages not previously 
available. In this system of testing 
worth-while energy can be saved—more 
than half that required to operate an air- 
craft-engine manufacturing plant—and 
power demand can be reduced to the ex- 
tent that power-demand costs and the 
capacities of power-supplying apparatus 
are materially reduced, engines can be 
tested with the ease and the quietness 
typical of electric machinery, testing can 
be carried on in buildings of simplified de- 
sign, accurate electric load readings can 
be obtained to check and substantiate 
readings taken by conventional engine- 
testing methods, and, as reported by an 
aircraft engine builder, testing may be ac- 
complished more quickly than with other 
systems. All of this can be done too on a 
basis that is economically sound. 

What is the power-recovery system of 
testing aircraft engines? It is the purpose 
of this paper in its entirety to answer 
that question. How was this system of 
testing started, and what were the reasons 
for developing it? The answer to this 
latter question can be given in a few 
paragraphs. 

The development of the power-recovery 
system of testing aircraft engines started 
in the fall of 1937 as a result of an inquiry 
from Pratt and Whitney Aircraft, division 


Paper 43-41, recommended by the AIEE committees 
on industrial power applications and air transporta- 
tion for presentation at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 1943. 
Manuscript submitted November 10, 1942; made 
available for printing December 22, 1942, 
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of United Aircraft Corporation, East 
Hartford, Conn. 

In substance, Pratt and Whitney Air- 
craft asked: Can a system of testing be 
devised which will be economically effi- 
cient and which will make the loading of 
large engines easy and simple, and which 
will, at the same time, conform to the re- 
quirements of aircraft-engine testing? 

The following, again in substance, is an 
explanation of why such an inquiry was 
made: 

Extensive engine testing under loaded 
engine conditions has always been a neces- 
sary part of aircraft-engine design and de- 
velopment and a necessary part of regular 
everyday aircraft-engine manufacture or 
production. Such testing is necessary dur- 
ing development, because new designs, 
either of complete engines or of engine 
parts, must be verified by test. Such test- 
ing is necessary during manufacture, be- 
cause it is by test only that each engine 
coming through production can be proved 
satisfactory and acceptable. The former 
class of testing, generally referred to as 
laboratory or development testing, is only of 
incidental interest in the present purpose. 
This development testing is generally ac- 
complished by means of some form of 
cradled dynamometer or by means of such 
a dynamometer and a test stand on which 
the engine can be mounted and loaded by 
means of a propeller. The main issue and 
the real point of discussion is the latter 
form of testing, testing during manufac- 
ture, or what is commonly referred to as 
production testing. 

Associated with production testing of 
aircraft engines to such an intimate degree 
that it becomes an inherent part of this 
testing is the breaking in of the engine. 
When an aircraft engine is placed in an 
aircraft, it must be ready to deliver its 
rated output. It must be ready to take 
off and fly. 


of the characteristics of the railroad (pro- 
file, alignment, speed restrictions, and so 
forth) and of the maximum size of train to 
be handled. Where existing locomotives are 
handling a service, it is frequently possible 
to apply larger Diesel-electric or electric 
locomotives and show excellent economies. 
On the other hand, new steam power of the 
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larger hauling capacity would also show im- 
proved economies. The exception to this, 
of course, is where the electric locomotive 
will afford a power concentration not avail- 
able in either of the other types and thus 
effect savings or improvement in service 
not obtainable with other than electric 
locomotives. 


ELECTRICAL ENGINEERING 


Thus, for production testing of aircraft 
engines the aircraft-engine industry has 
always used testing techniques that in- 
volve several relatively lengthy loaded en- 
gine operating periods during which an en- 
gine is simultaneously proved in and bro- 
ken in. 

The situation in 1937 was that the only 
schemes used for production loading of 
aircraft engines were those involving pro- 
pellers, water brakes, electric brakes, and 
similar devices, all of which involve dis- 
posal of engine power by complete wast- 
age. The fuel consumed accomplished no 
useful purpose other than to permit test- 
ing the engine. Furthermore, engines 
were growing in size to the extent that 
testing schemes involving the disposition 
of power by wastage were beginning to 
present difficult problems. 

The Pratt and Whitney Aircraft in- 
quiry, therefore, led to the finding of a bet- 
ter and easier way to test aircraft engines 
and one in which the greater part of the 
power generated by the engine was recoy- 
ered. 


First Power-Recovery Testing 
Installation 


The first solution was a power-recovery 
system employing a synchronous machine 
with a slip coupling. 

Figure 2 shows schematically the ar- 
rangement of this power-recovery stand. 
This consists of a synchronous machine, 
which acts as either a motor or generator, 
and a hydraulic slip coupling interposed 
between the engine and the synchronous 
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Figure 1. Avircraft engine in engine test room 


ready for moving in place for connection to 
power-recovery test stand 
View is through the test operator's observation 
window. Test operator’s control bench is in 
the foreground 


machine. Two such equipments were 
placed in operation at Pratt and Whitney 
Aircraft, East Hartford, Conn., in the 
spring of 1940. Figure 3 shows the electric 
part of a similar equipment subsequently 
supplied to another engine builder. The 
hydraulic coupling, to be added to the 
electric unit, will be mounted on the main 
base extension shown. 


Operation of Slip-Coupling 
Synchronous-Machine Test Stand 


It is an obvious truth that the only gen- 
erally universal way to dispose usefully of 
the aircraft-engine output is to convert 
that output into electric energy and dis- 
pose of the resulting electric energy by 
making it available in the engine-plant 
electric power mains. In other words, 
any universally applicable power-recoy- 
ery system of testing must be an electric 
system, and it must have as its foundation 
of operation an electric generator of one 
form or another. 

In Figure 2, the generator is a synchro- 
nous machine. It is equipped with an 
amortisseur winding and is started and 
connected to the line by being started at 
full voltage in the conventional synchro- 
nous-motor manner. During starting the 
coupling is set to transmit no torque, so 
that the synchronous machine starts un- 
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loaded, and the engine and engine half of 
the coupling remain at rest. After being 
connected to the line, the synchronous 
machine functions as a motor or genera- 
tor, depending on whether mechanical 
energy is taken from it or delivered to it. 

The synchronous machine operates at 
only one speed, synchronous speed, where- 
as the engine must operate over a range in 
speed. Furthermore, the synchronous 
machine will not control the loading of the 
engine, Within the limits of its capacity, 
it will deliver or absorb as much power as 
may be taken from it or delivered to it. 
Therefore, by itself, it will not meet two 
basic engine-testing requirements, namely, 
the control of the speed and the control of 
the torque at which an engine is loaded. 
Accordingly, the slip coupling is inserted, 
and it is the function of the slip coupling 
to provide these requirements. 

The operation of this combination of 
synchronous machine and slip coupling is 
this: After the synchronous machine has 
been brought to speed and synchronized 
in the manner previously mentioned, the 
coupling is controlled to make the syn- 
chronous machine ‘‘turn over”’ the engine 
or run the engine mechanically. Then the 
engine is ‘‘fired,” and after it is warmed 
up, it is brought, by its own power, to a 
speed above that of the synchronous ma- 
chine. The synchronous machine, then 
acting as a generator, loads the engine on 
the power system by slipping in the coup- 
ling. The amount and the speed of this 
loading are controlled by the engine throt- 
tle and the degree to which the coupling is 
“energized.” 

It is of parenthetical interest that in 
this application the hydraulic slip coup- 
ling is used for the first time in a new role. 
Prior to its use here, it had been used 
either at low-slip values or on drives with 
rapidly decreasing power with increase in 
slip, such as fan drives. In the engine- 
loading application, the power to be trans- 
mitted through the coupling increases and 
increases rapidly with increase in coupling 


slip. 
Engine and Test-Stand Loading 


A power-recovery test stand designed 
for engine loading or generating require- 
ments generally will have ample capacity 
for any corresponding motoring require- 
ments. Asasimple illustration of genera- 
tor and coupling loading and power dis- 
tribution between them, assume that an 
engine with the characteristic shown in 
Figure 4 is to be tested at speeds of 1,000 
rpm, and 1,200 rpm, and that the syn- 
chronous machine has a speed of 720 
rpm. Then, neglecting test-stand effi- 
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ciency which will be mentioned presently, 
the power distribution is as follows: 


— 


Engine-Output 


Shaft Coupling Generator 

(Propeller Shaft) Loss* Loading ** 
Speed Horse- Horse- Kilo- Horse- Kilo- 
(Rpm) power power watts power watts 
1OOOMMe NOLO tM cON Me lO2. 4 HOO2s aa 490 


TEZOOM nal OOOe my lOLO ee On. OSU NW O90 


* Proportional to slip: (1,000 —720 =280)/1,000X 


920 =258 


** Inversely proportional to engine speed: 720/ 
1,000 X 920 = 662 


Thus at 1,550 horsepower output of the 
engine, all of the 1,550 horsepower is not 
lost as is the case with systems of the load- 
dissipating type. The bulk of the power, 
. 930 horsepower, is made available for use- 
ful purposes by the generator. 

This distribution of engine output be- 
tween power lost and power recovered is 
typical of all power-recovery systems dis- 
cussed in this paper. That is, the power 
lost is proportional to the degree to which 
the engine operates above the synchro- 
nous speed of the generator. The differ- 
ence between the engine output and the 
power lost is, again neglecting efficiency, 
the power recovered. 

Figure 5, which is actual test data, illus- 
trates more exactly the character of power 
distribution. Curve A is the engine out- 
put for atypicalloadrun. Cis the power 
returned to the power system through the 
generator. The difference between A and 
Cis the total power lost and is made up of 
the true slip loss A-B, the same as previ- 
ously mentioned, and the transmission 
loss B-C. This latter loss is made up of 
two parts, the losses in the slip coupling or 
. equivalent device and the losses in the 
loading generator. Tests indicate that 
the transmission losses remain approxi- 
mately constant for all loading conditions, 
and in value are approximately five per 
cent of rated engine output. 

The ultimate interest from the stand- 
point of power recovery is, of course, gen- 
erator horsepower hours or kilowatt- 
hours output. This involves the time fac- 
tors in the engine-testing schedules and 
will be referred to presently. Before do- 
ing so, however, it will be helpful to know 
about the power-recovery developments 
that have been made since the original 
Pratt and Whitney Aircraft installation. 
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Figure 2(left). Sche- 

matic view of the — 

first power-recovery 
test stand 


Figure 3 (right). 
Power-recovery test 
stand of the syn- 
chronous - generator 
type designed for the arrange- 
ment shown in Figure 2 


The hydraulic coupling will be 
mounted on the base extension 


Power-Recovery Developments 
Since the First Power-Recovery 
Installation 


In the fall of 1940, approximately six 
months after the original Pratt and Whit- 
ney Aircraft installation was placed in op- 
eration, the building of the first of three 
aircraft-engine plants to be erected by the 
automobile industry, using the power-re- 
covery system of testing, was initiated. 
For the purpose of this paper, these engine 
plants can be designated as plant 1, plant 
2, and plant 3. 

For plant 1 the synchronous-machine 
hydraulic-coupling scheme of testing was 
adopted. 

Work on plant 2 was started in the 
spring of 1941, and for this plant the same 
scheme of testing was adopted, except 
that magnetic slip couplings of the eddy- 
current type instead of hydraulic coup- 
lings were used. A modification in the 
testing scheme also was incorporated with 
these magnetic couplings in that they are 
arranged for braking below synchronous 
speed, as explained presently. 

For plant 3, the most recent of the 
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Figure 4. Curve to illustrate the fundamentals 
of engine horsepowers and speeds as discussed 
in text 
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plants, another system of testing involv- | 
ing wound-rotor induction generators was 
developed to meet the requirements of 
this installation. These induction test 
stands will be described presently also. 

At this writing there are now installed 
or on order for these various locations a 
large number of power-recovery testing 
equipments through which aircraft-engine 
production is or will be pushed. This 
total is a growing percentage of the total 
of all types of stands installed since the in- 
ception of the power-recovery system of 
testing. The equipments are made up of 
Westinghouse, Allis-Chalmers, or General 
Electric generators and, where used, hy- 
draulic coupling division of American 
Blower Corporation hydraulic couplings 
or Dynamatic Corporation magnetic 
couplings. 


Braked Magnetic-Coupling 
Synchronous-Machine Test Stand 


The synchronous machine of Figure 2 
has a relatively high synchronous speed, a 
speed that is in the upper reaches of the 
engine speeds. This high speed is se- 
lected in order to minimize the loss in the 
coupling which, as already stated, in- 
creases with increase in the difference be- 
tween the engine and generator speeds. 
Also, as already stated, the engine cannot 
be loaded on the generator below syn- 
chronous speed, since at any engine speed 
below synchronous speed the synchronous 
machine will act asa motor. That is, the 
slip coupling is a speed stepping-down and 
not a speed stepping-up device. There- 
fore, the selection of a high generator 
speed presupposes that an engine is ready 
to operate at this high speed before it is re- 
quired to be loaded; that is, it has been 
partially broken in by mechanical opera- 
tion, possibly on the test stand itself, or 
possibly on a separate electric-motor run- 
ning-in stand. 

At the plant 2 installation an engine can - 
be loaded below generator speed by load- 
ing on the magnetic coupling. To permit 
this, the generator and generator half of 
the coupling are held stationary by means 
of a brake when the engine is operating be- 


ELECTRICAL ENGINEERING 


600 700 C 
ENGINE OUTPUT SHAFT OR PROPELLER SHAFT RPM 


1000 100 


Figure 5. Test-cell performance showing 
typical distribution of power loss and power 
recovery for a power-recovery test stand 


: 


low synchronous speed. In other words, 
below synchronous speed the magnetic 
coupling functions in the same manner as 
any eddy-current loading machine, and 
H above synchronous speed, with brake re- 
leased and generator operating, it func- 
tions as a slip coupling. The magnetic 
_ coupling is water cooled and, designed for 
the slipping operation, has inherently suf- 
ficient capacity for the braked operation. 
The fact is that the loss of power under 
the braked condition of operation is low. 
This is so, because the engine outputs at 
low speeds are low, and the duration of the 
loading runs at low speeds are compara- 
tively short. 


Induction-Generator Power- 
Recovery System 


Thus at the plant 2 installation a modi- 
fication of the original power-recovery 
tnit was made which permitted loading an 
engine below synchronous speed by the 
addition of a brake. For the plant 3 in- 
stallation, still broader test-stand require- 
ments were set up. For this installation 
it was desired not only to load the engine 
over its entire speed range but also to load 
the same engine in this manner when 
equipped with gear heads having three 
different ratios of speed reduction and 
consequently three different engine-out- 
put shaft speeds. This requirement 
made necessary a test stand of very con- 
siderably greater range of speed than pre- 
viously used with the synchronous-ma- 
chine slip-coupling stands, approximately 
4:1 as compared with 1.5:1 or 2:1. Also, 
in this installation it was desired to elimi- 
nate the necessity of dissipating losses by 
means of cooling water, a requirement 
which assumes increased importance in 
the light of the increased speed range of 
operation and consequently increased slip 
loss. 
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Figure 6 (right). Schematic arrange- 
ment of induction generator power- 
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These requirements pointed to a new 
type of stand, and, as already stated, the 
wound-rotor induction-generator stand 
was developed accordingly. Figure 6 
shows schematically the fundamentals of 
the induction-generator stand. 

As is well known, the induction genera- 
tor is a variable-speed machine with in- 
herent characteristics similar to those of 
the conventional wound-rotor induction 
motor. In its application to the test 
stand, the electrical design of the induc- 
tion machine is such that its synchronous 
speed corresponds approximately to the 
minimum loading speed of the engine. 
When the generator is connected to the 
power system and driven by the engine at 
any speed above its normal synchronous 
speed, the generator will pump part of the 
engine output into the power system as re- 
covered power and remainder into the load- 
ing resistor as lost power. The propor- 
tions of these powers are the same as for 
synchronous-machine slip-coupling stand. 

With this wound-rotor induction-type 
stand the sequence of operation will be 
somewhat as follows: The first operation 
consists of a cold start and run-in test for 
testing mechanical operation and lubrica- 
tion of the engine, the same as with the 
synchronous stand. This is done by start- 
ing up as an induction motor by secondary 
resistance control. After starting, speed 
is gradually increased up to approxi- 
mately synchronous speed of the motor. 
When ready to ‘“‘fire,” the ignition switch 
is turned on and the engine throttle ad- 
justed for approximate idling speed. 
When ready to load, the throttle is 
opened, and, as the generator speed passes 
through synchronism, load is applied au- 
tomatically to the engine. By the proper 
manipulation of the loading resistor and 
the engine throttle, any desired values of 
load and speed are then established and 
maintained. 
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Figure 7 illustrates the nicety of speed 
and torque control available with this 
form of drive. In this figure the synchro- 
nous speed of the induction machine is 
33 per cent of normal rated engine speed. 
The upper left-hand quadrant is the mo- 
toring range and the lower right-hand 
quadrant the generating range. The mul- 
tipoint vernier control indicated is super- 
posed on any one of the main loading 
points with the result that a very close 
speed and torque control is obtained over 
the entire range of operation. 

Figure 8 shows the horsepower-loss and 
horsepower-recovery division of loading 
corresponding to the three gear ratios of 
Figure 7. With an engine passing 
through the usual test time and loading 
cycles the division of horsepower hours or 
kilowatt-hours recovered and lost would 
be somewhat as follows: 


Per Cent 
Engine Gear High Medium Low 
Ratio (A) (B) (C) 


Kilowatt-hours re- 


COVELER,:. ec eios > serene Bee ictal = anetels 37 
Kilowatt-hours 


Disposition of Power Loss With 
Induction-Generator Stand 


One of the features of the induction- 
generator type of stand is the ease with 
which a high-loss loading element, the 
loading resistor, can be supplied, and the 
ease with which high-loss power can be 
dissipated. It will be noted from Figures 
7 and 8 that, because of the wide range of 
operation, the amount of power to be dis- 
sipated is relatively considerable. For 
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LOADING RANGE 


Figure 7. Torque-speed characteristics of 

induction-generator power-recovery stand de- 

signed for testing an engine with three different 
gear heads 


The solid lines A, B, and C are normal loading 

ranges for high-, medium-, and low-gear ratios 

respectively. The points A’, B’, and C’ are 

take-off loadings. The dive test point repre- 

sents the highest speed to which the stand is 
required to operate 


the more common present large engines 
equipped with gear ratios as previously 
discussed, the loading resistor would have 
a maximum continuous rating of approxi- 
mately 1,200 kw. With the use of a re- 
sistor of the finned Calrod construction it 
is a relatively simple matter to blow this 
energy into the air. With such a con- 
struction no consideration need be given 
to the cost and availability of a suitable 
water-cooling or water-energy dissipating 
system. 


Aircraft-Engine Testing With 
Propellers 


The aircraft-engine industry has made 
testing developments of its own, so that a 
variety of testing schemes from which to 
choose are available to the designer of an 


engine-testing procedure and layout. But 
in the manufacture of the large engines 
produced today, the selection of a testing 
scheme probably would resolve into a 
choice between testing with propellers 
similar to aircraft propellers and testing 
with power recovery. 

Figures 10 and 11 illustrate typical 
physical arrangements for these two 
schemes of testing. It will be noted that 
the structures shown differ fundamentally 
in that with propeller testing the structure 
must be designed to accommodate the air 
stream set up by the engine loading pro- 
peller, whereas with the power-recovery 
system this is not necessary, because the 
air stream is not present. 

For the rest of this paper, the state- 
ments made may be scrutinized with the 
view that, if power-recovery testing were 
not used, propeller testing would be. 


Recovery of Power 


If one knows the engine sizes and rates 
of production and the horsepower-speed- 
torque characteristics of the testing cycles 
it is a simple matter to calculate the ex- 
pected recovery of energy. These calcu- 
Figure 8. Curves 
showing the division 
between horsepower 


lost and horsepower 
recovered for the 


conditions of opera- 
tion shown in Fig- 


ure 7 


For example, the 


area under curve A 


is engine output, 


and that under cor- 
responding curve D 


is power recovered. 


HORSEPOWER IN PER CENT OF ENGINE RATING 
BASE SPEED 


30 40 50 60 70 80 
PROPELLER SPEED IN PER CENT OF NORMAL GENERATOR SPEED 
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The difference be- 
tween the two is the 
power lost 
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lations will predict minimum or pessimis-_ 
tic expected results, however, because 
they will not take into account tests that — 
have to be repeated for one reason or an- 
other, tests called penalty runs. For the 
purpose here, therefore, it is preferable to 
use actual test data and records. 

From the standpoint of individual en- 
gines, records show that, from each engine 
of large rating coming off an assembly 
line, there may be recovered anywhere 
from 3,000 to 6,000 kilowatt-hours of 
energy. 

From the standpoint of over-all engine-~ 
manufacturing-plant operation, Figure 9 
is indicative of what may be expected. 
This figure is the plotting of the over-all 
performance of one of the new engine 
plants for a period of 72 consecutive 
hours. The plotting is actual normal 
plant performance made from instrument 
readings taken at the plant for the period 
indicated. The top curve shows the plant 
power consumption. The bottom curve 
shows the power purchased from the con- 
nected public utility. The difference be- 
tween the two is the power recovered from 
the power-recovery test stands. It will be 
noted that this recovered power is more 
than half that required to operate the 
plant. 


Table |. Record of Percentage of Total 

Engine-Plant Power Consumption Supplied by 

Power-Recovery Testing for a Large Engine 
Plant During a Period of Six Months 


Per Cent 

Month Recovery 
| OR Nee tnk: oo erat Sark corichS 30 54.6 
Dagd SS FR MEN eee re ee Se eR 57.5 
See .53.0 
7 TR, ie es af ho a NSS 53.7 
Bisa 3 Paso tad Shae ee eee oe ee 59.6 
6... iwi tgg ote eke fr ob een 57.3 


Table I is similar over-all plant per- 
formance for a period of six months and 
shows again power recovery exceeding 
half of the total power required to operate 
the plant during that period. 

Reverting to Figure 9, it will be seen 
that power-recovery testing also reduces 
power demand and consequently pur- 
chased power-demand charges. Without 
power-recovery testing, demand charges 
would be based on the top instead of the 
bottom curve. Obviously, also, the ca- 
pacity of interconnecting apparatus such 
as transmission lines and transformers 
would have to be based on the top instead 
of the bottom curve. ; 

The power-recovery system saves en- 
ergy, reduces demand charges and inter- 
connecting apparatus capacity, and does 
all this to an important degree. A pro- 
peller test stand will not do any of these 
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Figure 9. This 72-hour total plant power chart 
shows plant load, power recovered from the 
test stands, and purchased power 


The area between the two curves represents 

he power supplied to the plant by the power- 
recovery test stands. In this record, 57 per 
cent of the total plant load is secured by 
power recovery and 43 per cent is purchased 
; from the connected power company 


things. These are important accomplish- 
ments that are of direct interest to the en- 
gine builder. 


Measurement of Engine Loading 
f Besides the advantages enumerated at 
the outset of this paper, the power-recov- 
_ery system of testing carries the important 
advantage that it is still open to expansion 
and improvement. As the paper shows, 
this system of testing is very new. Its 
‘full possibilities have not yet had time to 
develop. 

One such possibility is the accurate 
measurement of engine loading by electric 
instrument measuring techniques. When 
the mechanical energy output of the en- 
gine has been converted into electric en- 
‘ergy, the basis for such measurement is 
present. This is an important asset of the 
power-recovery system of testing that is 
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open to the engine builder. It is an in- 
volved subject, however, and entails 
departure from aircraft-engine testing 
procedure of long standing, 


Cost of Power-Recovery Testing 
Equipment 


When all pertinent considerations are 
taken into account, the cost picture sur- 
rounding power-recovery testing is par- 
ticularly favorable. The question from a 
cost standpoint is: how much more does 
a power-recovery system cost than a sys- 
tem in which power is not recovered, for 
example, the propeller system? In other 
words, to justify any greater cost for 
power-recovery testing, it is necessary 
only to justify the difference between the 
cost of power-recovery testing and such 
another system as may be contemplated. 

The cost of the test-stand equipment re- 
quired for a large engine power-recovery 
stand will likely be between $20,000 and 
$30,000. This equipment cost is largely 
offset, however, by the simpler building 
structure permissible with the power-re- 
covery system. Those that are in a posi- 
tion to know building cost differences and 
such other cost differences that enter into 
over-all cost computations have sub- 


mitted cost differences ranging from noth- 
ing to $15,000 per test stand for a power- 
recovery testing system of the capacity 
being discussed in this paper. 

Assuime that the difference standing 
against power-recovery testing is $15,000. 
Assume likewise that 1.5 engines per day 
per stand per 300-day year are tested at a 
saving in kilowatt-hours per engine of 
4,000. Then with power at $0.004 per 
kilowatt-hour the annual saving is $7,200. 
The corresponding amortization rate is 
slightly over two years. In other words, 
the cost difference is eliminated in slightly 
over two years, and thereafter the savings 
continue indefinitely. No nonrecovery 
testing system can present such an out- 
look from an investment standpoint. 

Furthermore, the preceding cost picture 
is not the best that can be presented. It 
does not take into account reduction in 
power-demand charges. Likewise, it does 
not take into account the possibility of 
testing engines more quickly by power-re- 
covery and consequently the possibility of 
installing fewer stands for a given plant 
engine output. 


Use of Critical Materials 


In these times, the use of the critical 
materials necessary with power-recovery 
testing is, of course, a consideration of first 
line importance. New installations of 
power-recovery testing could not be advo- 
cated without a favorable critical-mate- 
rials situation. 


Figure 11. Schematic 
section of a power- 
recovery test stand of 
the — synchronous-ma- 
chine slip-coupling type 


Figure 10. Schematic section of a modern propeller test stand 


The air stream is down the intake 
stack, through the test area and up 
the exhaust stack. The axial flow fan 
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The approach to the critical-materials 
problem is in the fact that the use of criti- 
cal materials is necessary to generate and 
supply power to any aviation engine 
plant, regardless of what means of secur- 
ing power may be used. If the power-re- 
covery system of testing can supply power 
with less use of such materials, its adop- 
tion should be justifiable, in fact, advo- 
cated. 

Table II shows a comparison between 
the critical materials involved in obtain- 
ing a kilowatt of load capacity from 
power-recovery equipment and from a 
medium-size steam-generating plant: 


Table Il 


=< —— 


Power Recovery 
Critical materials pounds per kilowatt 


Steam Plant 
Critical materials pounds per kilovolt- 


ampere 
Me COPPER Setrostek. sie ates aye coors eeisayey os 50 to 70 
Hronvand steel 1... Cats ees. sah eat eo 250 to 400 


‘The data show that power recovery is 
very much favored. Unless the circum- 
stances surrounding a specific engine plant 
are very unusual, the conclusion is evident 
that it is in the best interest of the war ef- 
fort.to advocate the installation of gen- 
erating capacity right at the engine plant 
by power recovery rather than to advo- 
cate the installation of an equivalent ca- 
pacity in a distant steam station. 


The Future of Power-Recovery 
Testing 


The advantages of the power-recovery 
system as applied to the testing of aircraft 
engines have not yet had time to be ap- 
preciated universally. The statements 
made in the foregoing recital are simple 
engineering facts, easily checked, and 
they all point to the conclusion that 
power-recovery testing has intrinsic value 
that cannot be passed by lightly. Power- 
recovery testing has advantages that can- 
not be secured from any other form of 
testing. 

But, in the final analysis, it is the engine 
builder and not the electrical engineer who 
will point the way and decide to what fur- 
ther extent power-recovery testing will be 
used. It may be quite possible that with 
the passing of time the engine builder will 
point with more and more favor, because 
he is already pointing toward larger air- 
craft engines—and the larger the engine 
the more advantageous power-recovery 
testing becomes. 
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Estimating Electric Loads for Military- 
Training Bases, Federal Housing, 


and Other Wartime Projects 


HAROLD M. POTTS 


ASSOCIATE AIEE 


I. Method of Estimating Loads 


T present a great amount of engineer- 
ing talent is being utilized in the 
electrical planning and designing of 
various types of military-training bases, 
federal-housing projects, and other war- 
time projects. The Bonneville Power 
Administration has been requested to 
supply electric power to many types of 
war projects and of course was con- 
fronted with the problem of estimating 
the power requirements of each. 
This paper is intended to show the 
methods used in estimating load require- 


derived data illustrating the effect of. 
electric cooking on the total load. 

Detailed load estimates of various types 
of military bases and other wartime proj- 
ects in the following sections of the paper, 
are presented as examples from which cer- 
tain conclusions are drawn. 

The general method used is to portray — 
for each hour or half-hour period of the 
day the expected fluctuation for the — 
various classes of load. The detailed con- 
nected load is first segregated into groups 
which have similar characteristics as to 
the time and nature of their uses. The 
barracks lighting, mess-hall lighting, and 


Table 1. Summary of Derived Information From Load Estimates of Military Training Bases 
‘S) Section II Section III Section IV 
Army Training Navy Training Air Training Lighter-Than- 
Base* Base** Baset Air Stationt 

Number: ob anen nci.ccco rcs nek ee nie ee ian < 350000. +a eee 30,000 “<= 20.- 400° eee 1,000 
Total connected kilowatts.............. 26:8297 | Wade state 15,929" » sistele se 2,598 96) he. Is 4,939 
Average monthly maximum kilowatts.... 6,394 ...... 4.390 ° Sones 1,180) “See 2,065 
Annual maximum kilowatts............. C26. jesiecten 5j800 Vayeke ae 18409 6 hos. 2,425 
Demand factors (per cent)® 

Barracks and mess-hall lighting....... ALS ccc 40, x20 SOTA: Eres 56 

Total loadt TAs fee eens DBRT Outs eg es SP igor Be ee 42 
Load factors (per cent)® 

Barracks and mess-halllighting........ DEA We heat SGT Ree 54.6: tone 56 

Total load 4h. Baca... teh bien citarad : MAS: (3 Flea 3. Os eieseror 607452 or cia 67 
Diversity between major load groups 

(percent) Qatar et ee eee ee eee 1,27 pn ae age 1.08 


* Complete electric cooking on one-sitting basis. 
12,885-kw connected cooking load. 


** Electric cooking on three-sitting basis. 
connected electric-cooking load. 


4,481-kw 


} Electric cooking on three-sitting basis. 
loads in shop motors and hangar lights. 


Large 


ments for various types of military and 
other wartime projects; to present cer- 
tain conclusions pertaining to the result- 
ing demand factors and load factors; 
to present test information on which bar- 
racks lighting and cooking loads are esti- 
mated; and, finally, to set forth certain 


Paper 43-60, recommended by the AIEE committee 
on domestic and commercial power applications for 
presentation at the AIEE national technical meet- 
ing, New York, N. Y., January 25-29, 1943. 
Manuscript submitted November 23, 1942; made 
available for printing January 4, 1943. 


Harorp M. Ports is with the rates and statistics 
section, power management division, Bonneville 
Power Administration, Portland, Oreg. 
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} Approximately one half of total connected load 


in shop power and helium-repurification-system 


motors. Large load in hangar lighting. 


® Based on a typical average day. 


© See reference 2. 


single-phase kitchen power are first segre- 
gated into one load group. This is done 
in order that the demand factors and 
daily load fluctuations of this type of 
load may be estimated by making use of 
the test information shown in the author’s 
article entitled “Lighting and Cooking 
Loads in Army Barracks.”’! The con- 
nected electric cooking load is next segre- 
gated into a single group so that the test 
information pertaining to this load may - 
also be applied. In instances where the 
cooking is planned so as to prepare meals 
to be served on a two- or three-sitting 
basis or cafeteria style, the load peaks ap- 
plicable to each meal are broadened to 
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kilowatt peak responsibility 


(per cent)... 
connected cooking kilowatts 


* Demand of electric cooking load at time of the 
total peak! 


** Based on 35,000 men. 
t Based on 30,000 men. 
t Based on 3,400 men. 


an extent consistent with their probable 
variation from the test curves. 
: The office, shop, and other daytime 
loads are next segregated into groups 
having similar characteristics, and the 
hourly fluctuations during the day are 
estimated for each group. 
Night lighting of a steady nature such 
as street, protective, and flood lighting is 
considered as a group in which the full 
connected load will be used during all 
hours of darkness. 
_ The motive-power load is likewise 
“segregated into groups of similar nature, 
_and the load fluctuation of each group is 
estimated independently. Shop power, 
major refrigeration power, special power 
such as helium-repurification-compressor 
power (section IV) are samples of groups 
frequently found. Water pumping is 
estimated on the basis of the design plans. 
This type of load ordinarily can be oper- 
ated on an off-peak basis. 

Tables I and II present the general re- 
sults of detailed load estimates for the 
four types of military bases presented in 
sections II, III, and IV and for the large 
army cantonment, details of which appear 
in a second article by the author, entitled 
“Estimated Load for 35,000-Man Army 
Cantonment.’’? 

Table I presents a comparison of im- 
portant derived information on demands, 
demand factors, and load factors. 


Table III 
Total connected load.........+---+-- 1,897 kw 
Average monthly maximum de- 

NIIA TIC ee OT sie etary ae a's = sie las cle 0 665 kw 
Annual maximum demand.......... 860 kw 
Average monthly load factor........ 63 per cent 
Annual load factor.............+--- 49 per cent 


Demand factor of total load........ 35 per cent 


Diversity between major load 
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tary-Training Bases® 


Section II 


Section III Section IV 


er’ Army Navy Air Lighter- 
‘ Training Training Training Than-Air 
Fi Base Base Base Station 
. Connected cooking load...........0.0.0.5 12,885 ao 4,45 acess 487 223 
Permcention totals ates fees cs ccc cae wees RS ore 6 LO. irecares 4.5 
2. Peak responsibility * 
Kilowatts©. bon bao wate DY Glee Ga UeLOQ) Memes srs 126 > ee. 50 
et Cent. saci ea Ra eke ai bists, +86) scr ctutarelas’ BORE tess 9 a5 Bo COM are <4 LO es 2.4 
SV ERESU IDOI RECTION ric hein < xe wile sae cca 7 ROS.) Pa SS. Stare. ©. 7. beeen 50. 0@ 
3. Incremental cooking load 
USIGy CCS eR 0 an VOR sa LOSS tars on 5 SSP nega 50 
BRUAttS Me ian, ee ig Sse x Ge co mc aos els S2a0F Ro... Be Uh a a 26.82 Geos 50.08 
4. Ratio of 


SMbiems 22 


® Based on 1,000 men. These ratios high because 
of bakery and recreation building loads. 


© Includes estimated distribution and substation 
losses. 


® Based on a typical average day. 


@ See reference 2. 


The first is the large army training base 
in which full electric-equipped kitchens 
are planned with meals to be served on a 
one-sitting basis. 

The second is a large naval training 
station in which the cooking is to be done 
electrically, with meals to be served on a 
three-sitting basis. Considerable steam- 
heated cooking equipment is used in this 
station. 

Third is an air training base in which 
the hangars and miscellaneous power 
form the major part of the load. 

The fourth is a naval lighter-than-air 


Table IV. Summary of Cumulative Demand 
Factors for Typical Average Day 


Maximum  Kilowatts 


at Substation* 
Cumulative Demand 


Types of Load 
Connected 
(Kilowatts) 
Estimated 
Factors 

(Per Cent) 


Groups 
Load 


1 Lighting and 
small power 
in living quar- 
ters and mess 
4064.55 1,612.5... .40 
Includes 
tion of gen- 
eral lighting 
and inciden- 
tal heat and 
power....... 
Includes addi- 
tion of street 
Sip iitisiern 5 acasie 
Includes i 
tion of pump- 
ing (off peak). .10,481... 
Includes addi- 
tion of motive 


POT TD <5 Oyee Ls xs «OO 
1-3 


9,979....8,504....35 
1-4 


,3,004....33 
Es 


48,800: «000 
Includes 
tion of elec- 


tric cooking 
and baking... .15,929....4,890....31 


1-6 


* Includes estimated ten per cent distribution and 
substation losses. 
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station in which the hangar lighting, 
shop power, and motive power for the 
helium repurification compressors form 
the principal loads. Motive power in 
this base is approximately one half of the 
total connected load. 

The summary of the demand factors 
shows that the barracks lighting is about 
40 per cent for the large bases. The 
smaller bases have higher demand factors 
of 50.4 per cent to 56 per cent, This is due 
to greater diversity being realized in the 
larger bases, The demand factors for the 
total load are reduced to 23.8 per cent for 
the largearmy base having electric cooking 
for meals on a one-sitting basis and 31 
per cent for the large navy base with 
electric cooking for meals on a three- 
sitting basis. Demand factors for the 
total load of the air training base and the 
lighter-than-air station are 45.4 per cent 
and 42 per cent, respectively. These are 
types of bases in which the hangar and 
power loads predominate. 

The load factors for the barracks and 
mess-hall lighting are fairly constant 
at 54.4 per cent to 56 per cent. The load 
factors for the total loads range from 67 
per cent to 74.8 per cent, the higher load 
factors being expected for the large bases. 
The lighter-than-air station has the low- 
est estimated load factor, because the 
helium repurification process is assumed 
to be in use for only six days per month. 

The estimated diversity between load 
groups is 1:48 for the large army base 
having electric cooking for meals served 


Table V. Summary of Cumulative Load Fac- 
tors for Typical Average Day 


= = 


(Per Cent) 


Maximum Demand 


(Kilowatts) 
Daily Load Factor 


Groups 

Types of Load 
Energy Use 
(Kilowatt-Hours)* 


1 Lighting and 
small power 
in living quar- 
ters and mess 
hallsaee Amtstasce 20 T90F site Ol aise 00 

Includes addi- 
tion of gen- 
eral lighting 
and inciden- 
tal heat and 
DOWEL eta DO OL Ol piste oy a2 eet Om 

Includes addi- 
tion of street 
byes bad-am Waser an D6; LOO siete 

Includes addi- 
tion of pump- 
ing (off peak). 

Includes addi- 
tion of motive 
DOWER: fi tas 4 64,680....3,806....71 

Includes addi- 
tion of elec- 
tric cooking 
and baking. ...85,720... 


1-3 


3,504....63 
1-4 


SDOO90 te. 3,004. «0 


.4,890....73 


* Estimated requirements at the substation, in- 
cluding ten per cent distribution and substation 


losses. 
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Table VI. Peak Responsibility of Various 
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mee eth ah: ships service 
I uilding loads, which probably will be 
used extensively at the time of the maxi- 
mum demand for the base. 

_ The most important conclusion relative 
to the electric cooking loads is the ratio 
of the peak responsibility to the connected 
cooking load. This is shown to vary from 
20 per cent to 26 per cent in the four load 
estimates presented. The ratio of 20 
per cent for the army base reflects cooking 
for meals on a one-sitting basis. This 
; ‘atio is increased to 26 per cent for the 
training bases having meals served in 
three sittings. This difference is re- 
flected by the longer duration of the peak 
eriods and the reduced diversity of cook- 
ng on the three-sitting basis. Thus the 
general conclusion is that only one fifth 
to one fourth of the total connected 
cooking load in these types of training 
“bases may be reflected as actual demands 
at the time of the maximum demand for 
‘the entire training base. 

t Estimated loads are shown in section V 


Table VIII. Summary of Cumulative Demand 
Factors for Typical Average Day 


Esti- 
° mated 
Maxi- 
Con- mum 
nected Demand Demand 
Load at Factor 
(Kilo- Sub- (Per 
Service watts) station* Cent) 


1. Lighting in bar- 
racks, officers’ 
quarters, gal- 


120) 4 8 RR eee 568.... 286....50.4 
2. Includes addition. 
of lighting and 
power in hos- 
SES losers ers: «sce LSezs2-% BO0.)..,,49.9 
3. Includes addition 
of lighting in 
administration 
building, offices, 
shops, and so 
POVESE doe ee ata 5, PAO 2 <5) DOO. + « <48..u 
4. Includes addition 
of lighting in 
recreation build- 
AIS SORES «|. = Sictaln = £4435, <4 G16... 556. 
Includes addition 
of lighting in 


“I 


on 


Wavsarss <cs< dalel LG3Gaiis «USSD o> «4.0 
6. Includes addition 

of lighting in 

streets, run- 

ways, flood 

lights, and so 

Tito} nL oe eR 1 GSS ce O40 re De od 


ee | 


Includes addition 
of motive power 
in shops, reirig- 


erators, water 
pumps, and so 
forth.. 2111 21LOSS:.. pate 


8. Includes ‘addition 
of electric cook- 
ing in galleys.....2,485....1,138....45.8 
9. Includes addition 
of electric cook- 
ing in hospital 
and recreation 
Duildiag ss. 2 <!.~ - 2098 se 
Diversity = 1,350/1,180=1.14 


aL 180. ato. t 


* Includes estimated ten per cent distribution 
losses. 
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of the various types of living units con- 
tained in a large war housing project 
providing housing for 8,700 families and 
4,000 single men. These types consist of 
apartments, dormitories, temporary de- 
mountable houses, and permanent houses, 
The over-all connected load is 87,764 kw, 
including allowances for pumping and 
commercial uses. The estimated maxi- 
mum demand is 10,725 kw, resulting in 
an annual demand factor of 12.2 per cent 
for the entire project, 


Table IX. Summary of Cumulative Load Fac- 
tors Based on Typical Average Day 


-—— ———— ¥ = 


Daily 

Load 

Energy* Demand* Factor 

(Kilowatt- (Kilo- (Per 

Hours) watts) Cent) 
Lighting in bar- 
racks, officers’ 
quarters, gal- 
leys, and = so 

FOCtB occa Se vis 3,750 286. 0.548 
Includes addition 
of lighting and 
power in hos- 

OIA oe fee «a 5,030 BOO ne We an 


83. Includes addition 
of lighting in 
administration 
building, of- 
fices, shops, and 
SP POPEN Gos 3 oxi ss S140... 583. .....58.2 

4. Includes addition 
of lighting in 
recreation 
buildizig.... 6.6. % B.800% 25 ae OIDs 2424 

5. Includes addition 
of lighting in 
MABPAES. 44... DY OO)s mw O04. 2 OU)e 

6. Includes addition 
of lighting in 
streets, run- 
ways, flood 
lights, and so 
SOEUR eS iss eso © 

7. Includes addition 
of motive 
power in shops, 
refrigerators, 
water pumps, 
and soforth.... 

8. Includes addition 
of electric cook- 
ingin galleys. . 

9. Includes addition 
of electric cook- 
ing in hospital 
and recreation 
building.... 


13,p60>,.... 940. 25.760) 0 


_ 


17,000... .1,083.... .65.4 


18,740... ..0,1388). 3...68'.6 


19,660 21,180),.). 691-4 


*Includes estimated ten per cent distribution 


losses. 


A short discussion follows on the esti- 
mated loads, demand factors, and load 
factors for a typical army hospital and an 
army reconsignment depot. Similarity 
may be noted as to those factors as com- 
pared with the other types of ‘bases dis- 
cussed. 


Army HOSPITAL 


Plans for a typical army hospital de- 
signed for 1,000 beds on a general 1,500- 
bed plan were analyzed. Living quarters 
were planned for an operating personnel 
of 668 men. Complete electric cooking 
was provided for in the nurses’, officers’, 
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Table X. Peak Responsibility of Various 
Groups of Services for Typical Average Day 


Per 
Kilowatts* Cent 


l. Lighting in barracks, of- 


ficers’ quarters, galleys, ‘ 

WMC SOPFOLEM ss sive as eo 27Diieiay Sou 
2. Lighting and power in hos- 

Dlvalewirata sags sie DL Biers tory, MULAN, 
3. Lighting in administration 

building, offices, shops, 

ANG SO TOLOM airy gk «ys LOR en tenL Gte 
4, Lighting in recreation build- 

DG ae ac ees Sickor er BS nn ne 
5. Lighting in hangars,..,...... 208 su L788 
6. Lighting of streets, run- 


ways, flood lights, and so 

LOPE tix aan eet ROR GLE eke aie @66...5 4.7 
7. Motive power for shops, re- 

frigeration, pumps, and 


SO. TOPE. Fy seamen eaves LAST tommload 

8. Electric cookingin galleys.... 82.... 7.0 
9. Electric cooking in hospital 

and recreation building.... 44.... 3.7 

WOtal sash nhastterte anceps 1,180 . 100.0 


* Based on estimated maximum demands at sub- 
station for maximum demand period of 6 to 7 p.m 


patients’, and medical-detachment messes 
and in wards, post exchange, and rec- 
reation buildings. 

The results of this detailed load esti- 
mate, which was performed in the same 
general manner used in other studies 
presented in this paper, are shown in 
Table ITI. 

In this hospital the connected electric 
cooking equipment was 1,048 kw, which 
accounts for 55 per cent of the total 
connected load of the hospital. The peak 
responsibility was estimated to be 319 
kw, or 48 per cent of the total maximum 
demand for a typical day. The ratio of 
the kilowatts of peak responsibility to 
the connected cooking load is estimated 
to be 30 per cent. 


RECONSIGNMENT DEPOT 


This is an army depot which is built 
for the purpose of receiving shipments 
of all types of supplies by rail and then 
regrouping and reshipping the supplies 
to various destinations. The major part 
of the labor will be done by civilians, 
most of whom will live outside the depot. 

The total connected load was found to 
be 1,293 kw, the major portion being 
lighting and space heating in warehouses. 
A limited amount of housing for civilians 
is provided. 

Electric cooking equipment is provided 
in a cafeteria, an officers’ mess, and a 
civilian mess hall. 

The estimated average monthly maxi- 
mum demand was 565 kw, which results 
in a demand factor of 44 per cent. The 
annual maximum demand is estimated to 
be 815 kw. 

Thus the method used in estimating 
the types of loads described in this paper 
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Table XI. Naval Air Training Base—Estimated Load for 


a 


) 5 6 7 : 
Group Number 1 2 3 4 : ; 
Night , 
Type of Load Lighting P 
: . : . : . . (Streets, 
Lighting Lighting in Lighting ; 
: : ‘a Annual Flood, 
Annual Lightin; and Annual Offices inv Cr eA= ee : : 
ee in Tivee Powerin Maxi- Shops; Annual tion Lighting in Maxi- and ty pee Spain 
mum Quarters Hospital mum and so forth Maximum Building Hangars mum fort g (4 
Connected Load a 
Hour (Kilowatts). Seen ote ek BES Yih ee 41d O82 eee 252+ MEE? orn cooaon ane 50 . 1,638 £238; 
t 
12-1 a.m 5 oO ee eee SO eee EEF Sci cates 190i a paebreer eee 50 385 180  - 
OPN, toe oh 45 DO) eed eee SO ORES cia «8 8 100. earns 50 385 130 |. 
So cs eee ee a aan 45 20 SOM cl eer! P5, 190 Ne ees 50 385 130 ... 
i ites oe TS ah il ia cee Se 45 20: ke ee BOM eer ethics vsca 100 vac eeee ins yee 50 385 130 
EG ARENA Deep cocci shy sis aeac? OO Diogenes seome Dit ee cen 100 alee enacrale 50 400 130 
Fo edilsleydsch er ONY, cae Sa ea | i 
SClAt TE Sc hn cite cid LDOT rea ae 20) Ae, aa tee YO) eth, ace 190) Pye eee 50 490 ee 
1 POP intinc? ace 230 cee BE Mae tet it 20 LO kd athe ei 50 555... +. 130) am 
ELA, coe Sch Oo A. ee Neat ae 1) BOeP a ee Les ee 20 LOGRee ae 25 el 130... 
SEO ee aes 175 Reo ee oe 1a6 RG. ee 20 100 Vc een mee 480 ae 
Rh A ae «ek enn bate 160 50 eee 130 See 20 100.2 ed Se ee ee 450 | «is SO 
LOST enn RNP cc 145 ON ae eee Se aeecees cop ee 20 100» tee Se ee 435/) 23 180m 
TUES DL SrVayne onc chic) ee a 145 50. Mee ees 120m es ee we 20 100° eee ne ee ee. 
440 = GOR 
(ORIG nN or URS a 150 BOM ys ee 20M er een ese 20 100. Sct ee ae eee 
sae ge il es ea 145 BORIS Ene ten AON A baste CMe > 20 100 «1 vane, A eee 155 Mee ipo a 
70 a ee OE are 145 TAU ce ee eee 1208 Sener ee 20 100: S.Seee eer ee 135 180 . 
Bid eRe RTE viens. 8 150 508%. ess ity Eee. ae 20 100 ane eee ae 450 ae 180-3 
7s A peste dig poop aac ie ae 200 80 ee ee 155% ee oe 20 130), (edo. ea en 585 7. 
5 5 735. 1.5 130) 
BeGho ine ee Re ods Ok 285 260* 90 ....200. Oy oo n8e 1250, «xs 30 WA). se 50... 25 
ale ie WS sie ans 270. 250 105**... 200. 75 oe pe a 60 190 eee oO: 50 830 130 2 
PER pA Mc ee To 240. 220 105 ....200. 165 Mee ter: 1De oon 125 19060 Gane 50s 50 855 +. 2) SOR 
Cee Geis» Ere 220. 200 105 200. (500 soe oon 125 TE. 4 sae ge 50 820 ..... 130 
S210 ee Ee eek 110 SO eee Sie Ms «hol eee 60 190 TReeee eae ee 50 590 130 sam 
TUPI oe coh Ae cis te ee 80 DOr pe Meee ica sb a ee eee TET Ay cc: 50 420) on oO 
die (otmidnizhteen ss. ue jouon sk. 45 CT, eee SOMA Le ees ec 190 __50 BEG a a ME 
Dota Meee Re eh es SUC en In ba Meee GOR ai eh, 620 3/610 Meee ee 700 12,330 —....3,120 a 
Daily load factor (percent)......... BA SBian © cee ee Cee eee Ea Gondiwe Medien eet 20.7 M Dio Dane ake anes 58.3 60.1 100. <a 


* 568 kw connected X 51.5 per cent demand factor 
from test informationX90 per cent estimated 
diversity for 36 buildings = 260 kw estimated maxi- 
mum demand. 


begins with the grouping of various types 
of connected loads. These groups are 
compiled on the basis of their application 
to test data available and their similarity 
and nature of probable time of daily use. 
Then, by estimating the fluctuations of 
each group over an average day, the 
maximum demands of the total of the 
groups may be approximated. 

Sections II to V present details of the 
load estimates discussed. 


II. Load Estimate for 30,000-Man 
Naval Training Station 


The details of the estimated load for a 
30,000-man naval training station are 
presented in Tables IV through VII. 

This station has a planned connected 
load of 15,929 kw. The estimated maxi- 
mum demand for a typical average day 
is 4,890 kw, and for an annual maximum 
day, 5,800 kw. The plans for this base 
called for electric cooking in the mess 
halls, subsistence buildings, ships service 
buildings, dispensary, and bakery. Some 
steam tables and cookers are planned in 
addition to the electric cooking equip- 
ment. 

The demand factors range from 40 per 
cent lighting and small power in the living 
quarters and mess halls to 31 per cent for 
the total load (Table IV). The average 
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** Estimated 50 per cent of lighting on at maximum; 
10 per cent at minimum; 25 per cent in day. 


¢ 252 kw connected X50 per cent estimate night = 
125 kw; 10 per cent estimate day, or 20 kw. 


daily load factors range from 56 per cent 
for lighting and small power in the living 
quarters and mess halls, to 73 per cent for 
the total load (Table V). 

Table VII presents the basic details of 
the estimated loads of the various types 
found in this training station. 

The maximum demand for the lighting 
and small power in living quarters and 
mess halls was based on test data pre- 
viously mentioned, and is shown by 
footnotes on Table VII. Because a large 
number of barracks was being planned 
(160), the diversity would reduce the 
group demand to an estimated 70 per 
cent of the test demand factors for both 
the average and annual maximum days. 
The load fluctuation during the day was 
prorated on the basis of the aforemen- 
tioned test curves. 

The general lighting and incidental 
heating and power totals 5,715 kw of 
connected load. This load was segre- 
gated into smaller groups of similar char- 
acteristics, and the daily load fluctua- 
tions of each group were estimated in- 
dependently. Included in this general 
group are various segregations such as 
lighting in offices. This load was esti- 
mated on the basis of a 60 per cent de- 
mand factor during the day, with small 
amounts being used at night. Lighting, 
heating, and small power normally used 
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~190 kw connected X100 per cent night, 50 per 
cent day. 


@® 423 kw connected X30 per cent all day. 
© Cooking on three-sitting basis, 374 kw con- 


in the daytime, were estimated on the 
basis of 50 per cent of the connected load 
being used during the day, and approxi- 
mately 10 per cent at night. The de- 
mand for the ships service and recreation 
buildings was estimated at 75 per cent of 
the connected load in the evening with 
small amounts used during the day. The 
evening and night lighting was estimated 
to be in use to the extent of 40 per cent of 
the connected load during the evening 
and late afternoon. This lighting is 
principally in the drill halls, auditorium, 
and bakery. 

The street lighting was assumed to be 
used fully during the night hours. 

The pumping power having a connected 
load of 502 kw was estimated to have a 
continuous demand of 300 kw and will 
be operated on an off-peak basis. 

The motive power totalling 967 kw 
connected was likewise segregated into 
smaller groups of similar characteristics, 
and the fluctuations during the day of 
each group were estimated separately. 
Included in this group are loads for the 
incinerator and sewage plant, of which 
the sewage power is the major load. 
These were estimated at the full capacity 
at morning rising hours, 80 per cent after 
meal hours, and about 50 per cent at 
other hours. A group containing the day 
motive power was estimated at 25 per 
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factors range from 54.6 per cent for 
lighting in the living quarters and mess 
halls, up to 69.4 per cent for the total load. 

Table XI contains the basic details for 
the estimated fluctuations in each of the 


Porc - (Hospital 
Sechacs ao oars cai es, Total Load Annual various loads during a typical day. The 
‘and Power Maximum (Galleys) Building) Maximum At Buildings AtSubstation = same general procedure was used as in 
WRT SEE coats 8740....... hee oa 9508 Maia. e ie Pree ae My, 
. The electric cooking is planned for meal 
co. aie oe service on a three-sitting basis, as the 
eu ee ie es eee nee Ciea: «.. 590 : 
BIB eis, 15 ne thee 10 7 ak Pt oa a 590 952-man mess hall must feed about 3,000 
ce. ab ccs. Gee men, The demand factors used are based 
DE Sasi 1807 .* Tie a ae (eaten 790 on the test information previously men- 
ba Se ee > HauPate OREN «cans 50 Rhee 890 tioned. The load fluctuation during the 
Cte MN BRAS 8 6s eiug, E  Gnie siete we scec OSs teases 930 : 1 
po i he ae Be Hk 30: eee ls FORMS foc% a day is based on the test curves in general, 
Pe ee =e one a Reenter ~ eee i except that because of longer meal periods 
565 ete TOO* ok Tes i ait the peaks are estimated to be of longer 
ae NE eins. 25 en see ee ou Gh anaes 750 duration than shown by the test data. 
ay Meteaeeee » ae =! Wad Gos eanaie = ete se The maximum demands and daily 
BBB ee, BB vs Pi ec <a ct 695 ...... 760 fluctuation of the other types of loads are 
ig tar Rae Cr a rr eee, eee te ; ; 
NM A kg os i ee Tn ES ead seis ae 980 emp lated siya eae eo} SoCs 
CO en 1G ieee LW eee ace: ee eee 1 ory Oe IROQO ret ae laa} “aoe 1,330 Table XI. 
i ee WO. veo a as 1,220...... LOE. .<.2..: ia... 11340 Tables VIII through XI present details 
DED. Bie les EGY ade RA tese,*:..: 1, 1408 a. TORRE 5 1,170 1,250 eithetosea ied 
EN, ae fe BGS a. IGT sc eeies By ee LOSOsh a, O08 torts ic PhiGi. 1,190 Sg ase oh a 
720 ae eee to Plc 46 oc... ee ee eee 850 
3 Cee 1 ae eee Ocalan, «ed ch een BRS eke 640 . 
: pinm a. oS. ie ae BNO Bo atts aces eee RAG ks 590 IV. Load Estimate for a 
A 1,590 ...... TT ORS sod te Thee 19,660 Naval Lighter-Than-Air Station 
& REN W Sog tse ko: SOpiocy.2 Bade, J. See ee 69.4 


factor=130 kw 


nected X35 per cent demand 
| maximum demand. 


® 50 percent X113 kw connected =60 kw maximum 
_ same fluctuation as one mess barracks; evening 


cent demand factor during work hours, 
with small amounts being used at night. 
This load is principally laundry and shop 
_ power. The evening motive power, con- 
sisting chiefly of ventilating and heater 
fan motors in recreation buildings, mess 


loads held high because of cooking in recreation 
building of 57 kw connected. 


@ Includes estimated 10 per cent distribution losses. 
@©Based on separate detail of smaller load groups. 


because of the meals being served in three 
sittings, the cooking periods are assumed 
to be of longer duration. Included in this 
group is the bakery whichis planned to be 
operated at night. The maximum de- 
mand is assumed to be 95 per cent of the 


This base has a designed connected 
load of 4,939 kw. The estimated maxi- 
mum demand for a typical day is 2,065 
kw, and for an annual maximum day, 
2,425 kw. 

The base is to be used to house, repair, 


Table XII. Summary of Cumulative Demand 
Factors for Typical Average Day 


halls, and ships service buildings, was connected load of 231 kw during the Esti-  Cu- 
estimated to be used at a 50 percent de- ‘‘warming-up” period at the start of the aes ste 
mand factor during evening hours and bakers’ shift. During the rest of the night mum _—De- 
during the breakfast period. The re- baking period, the demand is estimated to ond one a 
frigeration motors for the cold-storage be 75 per cent of the connected load. Load Demand tors 

: (Kilo- at Sub- (Per 
plant having a connected load of 153 kw watts) station* Cent) 


were assumed to have a demand of 50 
per cent of the connected load during the 
day hours, decreasing to 10 per cent 
during the cooler night hours. 


III. Load Estimate for Naval 
Air-Training Base 


This base has a connected load of 


1. Lighting in living 

Uarlers sc nein « 508.225 2860. 06 
Includes addition of 

miscellaneous 

lighting in offices, 


to 


The connected load for the electric 2,598 kw. The estimated maximum ndaeitale reecen 
cooking and baking was also segregated demand for a typical day is 1,180 kw, and — : ete ey 
. . storehouses, an 

into smaller groups, and the daily load for an annual maximum-demand day, air kek 989.... 424....43 


fluctuation of each group was analyzed 
separately. The cooking in mess halls 


1,340 kw. 
The base is for the purpose of training 


3. Includes addition of 
hangar office and 
shop lighting and 


1 a1 As H ~ a H Le Hedting cu. viene ost eee oy eee ane ee 
and subsistence buildings is planned so navy pilots and is planned foramwultimate , 1. cmdes ddidon of 
as to prepare meals to be served on a __ total of 3,400 officers, instructors, and street and flood whi: x 
says : : : ‘ Lightsng i.e. eat PD TOM. pte lesen eo 
three-sitting basis. The demand factors trainees. There is planned a 952-man 5. jactudes addition of 
found by the test data of 35 per cent for _ electric-equipped mess hall for the en- one and miscel- ats igh des es 
: : aneous power.... .4, Se Petals OO eran. «ae 
the typical day and 50 per cent for the listed men and a separate mess Hall TOT © ge racludes aadiioutot 
: 5 electric cooking 
maximum day are used to determine the _ the officers. Three hangars, an assembly re Te. Aisi’ Li gthonie 


maximum demand. No diversity factors 
are used in this instance, as a total of 
only nine mess halls and subsistence 
buildings are planned. The fluctuation 
in cooking load during the day is based 
on the test curves in general, except that, 
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and repair shop, and a recreation building 
are other major loads. 

The demand factors range from 50.4 
per cent for the lighting in the living 
quarters and mess halls to 45.4 per cent 
for the totalload. The average daily load 
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7. Includes addition of 
helium compres- 
sors, exhausters, 
and air-compres- 
sor motive power. .4,939....2,065... .42 
Diversity = 2,228/2,065 = 1.08 


*Includes estimated ten per cent distributiom 
and substance losses. 
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Table XIII. Summary of Cumulative Load 
Factors for Typical Average Day 


Daily 

Load 
Factor 

Kilowatt- (Per 
Hours* Demand* Cent) 


1, Lighting in living 


2. Includes addition 
of miscellaneous 
lighting in of- 
fices, hospital, 
recreation build- 
ing, storehouses, 
and soforth...... 

3. Includes addition 
of hangar office 
and shop light- 
ing and heating. 

4, Includes addition 
of street and 
flood lighting. .... DoHLGO re. 

5. Includes addition 
of shop and mis- 
cellaneous power. .31,433.... 

6. Includes addition 
of electric cook- 
ing and baking... .32,593.... 

7. Includes addition 
of helium com- 
pressors, ex- 
hausters, and 
air-compressor 
motive power... .38,530.... 
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2,065....78 


* Estimated requirements at substation including 
ten per cent distribution losses. 


and maintain powered balloons for coast 
patrol service. The personnel needed for 
the operation of the base is only about 
1,000 men. The principal type of load 
at this base is hangar lighting, shop 
power, and power for a helium repuri- 


fication system. There are two hangars 
planned, each about 1,050 feet in length 
and capable of housing six patrol balloons 


Table XIV. Peak Responsibility of Various 


Groups of Services for Typical Average Day 


: Per 
in each hangar. The balloons are ap- Sie Ree . Cent 
proximately 70 feet in diameter and 250 
feet long. Shops and offices are located 1. Lighting in living quarters... SA ee ORT 
along the sides of the hangars. De ieee eters in 
; : . : offices, hospital, recrea- 
Cooking will be done electrically in a Gowk Hailing wpeenere: ; 
696-man enlisted men’s mess and in a houses, and soforth....... MSYeI> atc “Meal 
x ’ ,. . 3. Hangar office and shop 
252-man officers’ mess. The baking will lighting and heating....... 957.. os 
i ; j 4. Street and flood lighting..... 30 eens 
be done electrically, and electric cooking 5 te cece mat ascot , 
is planned in the recreation building and tive pow eee 395.) 21816 
h ital 6. Electric cooking and baking.. 50.. 2.4 
Os pier 7. Helium compressors, ex- 
The estimated demand factors (Table hausters, and air-com- ae a 
: = tive power..... 249. 
XII) for this base range from 56 per Dee SP OF NOC Ce es 
cent for the barracks lighting, to 42 per Totalia een PO eee ees 2,065. ...100.0 


cent for the total load. The est’mated 
daily load factors range from 56 per cent 
for barracks lighting up to 78 per cent for 
the total load on days when the helium 
repurification system is being operated. 
On an average monthly basis the load 
factor is estimated at 67 per cent. 

Details of the load estimate are shown 
on Table XV. The manner of making 
the estimates for the various types of 
loads is substantially the same as in the 
other load estimates given in this paper. 
There are, however, two or three loads of 
a somewhat special nature. 

One of these is 330 kw of connected 
lighting in the main part of each hangar 
that will be used continuously. It is 
estimated that the full connected load will 


* Based on maximum demand period of 8-9 p.m. 
Demands estimated at substation. 


be used at night, and 30 per cent of the 


connected load will be used during the. 


day. 

Another special load is shop power 
located in the hangars and having a total 
connected load of 950 kw (included in the 
power group) planned to be used on a 
three-shift basis. 
factor of 25 per cent was used to estimate 
the loads throughout the day, except 
that at meal times and shift changes the 
load is expected to be lower. 

The connected loads for the helium re- 
purification system and air-compressor 
motors total 625 kw. The helium re- 


Table XV. Naval Lighter-Than-Air Station—Estimated Daily Fluctuation in Various Types of 


Hangar, 
Office and Shop 
Annual Lighting Miscel- Shop Annual Street and : and Miscel- Annual 
Maxi- in Living Annual laneous Annual Lighting and Maxi- Flood Total Annual laneous Maxi- 
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{ On during all dark hours. 
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* 508 X 51.5 per cent demand factor =260 kw maximum (5-6 p.m.). 
Annual maximum 50856 per cent =285 kw maximum. 
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** Estimated on the basis of individual detail for 
each of the separate load groups. 
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An estimated demand — 


“ho: epe for the aes 4 
essure ci a8 do one 150-horse- 
oor ‘in each | hangar for the low- 


I ingar. The estimated 
oa ee Phe average day was based on the 
assumed use of one 150-horsepower ex- 
h auster motor and one 75-horsepower 
high-pressure compressor motor being 
used simultaneously, The load for the 
estimated maximum day is based on one 
150-horsepower exhauster motor and all 
three 75-horsepower motors being used 
at one time. 

The repurification process is performed 
in two stages. The impure helium is 
taken from the balloons at slightly more 
than atmospheric pressure and com- 
pressed by means of the low-pressure ex- 
hauster motor to a pressure of 60 pounds 
per square inch. Thence it is delivered 
‘to a large storage sphere which is about 
60 feet in diameter. The helium gas is 
then put through purification processes 
which remove the carbon dioxide, nitro- 
gen, and other impurities. The second 
stage is performed by the high-pressure 
compressors. These are three stage, 
tandem, reciprocating compressors which 
compress the helium to a pressure of 
_ 2,500 pounds per square inch and deliver 


[ 
_ it to the tank car. By means of by-pass- 


Loads, Typical Average Day 


Table XVI 


Type of Units Number 


‘ 


Estimated Annual 


Connected Load Maximum Demands* 


22° <= oe eeemeteeccee eee ee eee 


PA Dantn Gntcm cam cmmeeen. . sek eatitl 4,000 
aaormitoriest cee, 52. a feb: 4,000 men 
Pemporary houseka.occk ss cscenacecves 4,000 
permanent Wousagene, ... oes. ie. 700 Jae 
HORST TS Btn ye RUIN s cs, «Shc RAMEE: 6 edi 
Commercial, street lighting, and 

PELSCONAT RGIS Meme gi oe Sus-chi ares LOG eit bs 

SP OtAl is «<a vias “ache SSR Gg ac 55 SC ee eee 


(Kilowatts) at Time of System Peak 

Per Unit Total Per Unit** Total 
(ae MAGDO Meare OS ys Sora OnSON enue 1,562 
vay Oe arene ei dn ay ROOMS aeete 725 
ws OLS ROue rec 62/000 hm. «+ oe 1,29 5,170 
se ONO Aree ZOOS via arsieke 226i. diets 1,584 
cl Ose nena BOD iain Brite, Tarihi 660, 
afi a sie bape ODO Tah arg ria it qo eauee LiOBe 
a ta oat eee Bema es oss cll. erent sO) ee 


* Including estimated ten per cent substation and distribution losses. 


** Average on three-shift basis of work. 


t Includes mess halls, electric kitchen, administration building, street lighting, and post office. 


ing one of the stages of the high-pressure 
compressor, the helium can be delivered 
at a pressure of 750 pounds per square 
inch directly to the storage tanks. The 
repurification process through the high- 
stage compressors takes about three days 
of constant running. 

Tables XII through XV present de- 
tails of the load analysis. 


V. Load Estimate for a 
War Housing Project 


In order to determine the loads to be 
expected from the various types of hous- 
ing units included in this project, the 
plans were first examined in detail to 


Total Lighting, Helium 
Electric Power, Repurification Total 
Cooking Heating, and Air- 
and and Annual Compressor Annual At Point Annual At 
Baking Cooking Maximum Motors Maximum of Use Maximum Substation 
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t Includes estimated ten per cent substation and distribution losses. 
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ascertain the equipment to be used and 
the lighting outlets provided. This in- 
formation was checked wherever possible 
with that actually installed. 

Table XVI shows the connected loads 
and estimated annual maximum demands 
of each of the various groups of housing 
units. The annual maximum demand 
of the total project is estimated to be 
10,725 kw at the main substation. 


APARTMENTS 


The detail of the connected load on the 
4,000 units of apartments is indicated in 
Table XVII. 

The typical A unit (one-room) has two 
ceiling pull-chain outlets (200 watts), 
two duplex plug outlets (100 watts), one 
light switch and plug combined (200 
watts), and a “Rangette’’ (1,650 watts), 
totaling 2.15 kw per apartment unit. 

The typical B unit (two-room) has two 
pull-chain outlets (200 watts), four duplex 
plug outlets (200 watts), two light 
switches and plug outlets combined (400 
watts), and a ‘“‘Rangette’” (1,650 watts), 
totaling 2.45 kw per apartment unit. 

The service units are for laundry, bath- 
rooms, heating plant, and storage rooms. 
The total lighting aggregates 3.6 kw 
connected. The power consists of ven- 
tilating motors aggregating 290 horse- 
power for the total of 150 service units. 

The average connected load per apart- 
ment, including service units and street 
lighting, is 2.59 kw, and the coincidental 


Table XVII 


Connected Load 


Units Type Per Unit Total 
1,024. . A (1-room) 2.15 2,202 
2,976. . B (2-room) 2.45 7,291 
(150). . Service units ; 
lighting ,.0.6 .» 640 
power ed O83 (Avg)... 290 
(70). .Street-lighting units. .0.2 Sor 14 
4,000 apartments............2.59 10,337 
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Table XVIII 
Lighting nc. << nia.ste 0.8kw ; 
Small appliances.... 1.0 kw } 500 kilowatt-hours 
Refrigerator....... 0.2kw 250 kilowatt-hours 
Range seg ches sore 11.0kw _ 1,100 kilowatt-hours 
Water heater...... 2.5kw 3,000 kilowatt-hours 


4,850 kilowatt-hours 


demand at the time of the system peak 
averaged 0.39 kw per unit. The resulting 
demand factor is 15 per cent. 

The war apartment units were first 
separated into three groups of units, each 
group representing the apartments to be 
used by each working shift. The relative 
number of apartments assigned to each 
shift was determined on the basis of the 
number of workers currently employed 
on each shift. On this basis 1,600 apart- 
ments were considered to be on the day 
shift, 1,600 on the night shift, and the 
remaining 800 on the ‘“‘graveyard”’ shift. 
The load fluctuations during the day were 
estimated for each group separately. On 
this basis the coincidental demands at the 
time of the system peak were estimated 
to be 832 kw for the first shift, 521 kw 
for the second shift, and 209 kw for the 
third shift, making the total of 1,562 kw 
for the 4,000 apartments. 

The basic estimate of 0.4 kw aver- 
age maximum demand per unit was 
used. After analysis of the load fluctua- 
tion on the three-shift basis, the average 
was lowered to 0.3 kw per unit. Allowing 
for seasonal fluctuation and distribution 
losses, the resulting maximum demand 
per unit was calculated to be 0.39 kw per 
unit. 


DORMITORIES 


The dormitory units consist of ten 
dormitories, each housing approximately 
400 men. A large complete electric 
kitchen furnishes meals at all hours for the 
men housed in them. 

Hach of the ten dormitory units has 83 
kw connected in lighting and 17 kw con- 
nected in ventilating fans and boiler- 
room power. This makes a total con- 
nected load of 100 kw per dormitory. 
Each dormitory consists of 148 double 
rooms, 96 single rooms, and 4 lounges or 
club rooms. 

An administration building has a con- 
nected load of 50 kw. The connected 
street lighting load is 50 kw. 

The kitchen and mess halls have a 
total connected load of 267 kw. This 
consists of 180 kw in electric cooking and 
baking equipment; 59.8 kw in kitchen 
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lighting, mess-hall lighting, and small 
kitchen motive power, and 27.2 kw in 
refrigeration, ventilation, and boiler- 
room motive power. 

The load fluctuations during the day 
were estimated separately for each of the 
various load groups within each of the 
dormitory groups assigned to the three 
shifts. Similarly, the load for the kitch- 
ens and mess halls was estimated by 
analyzing the daily fluctuations for each 
load group separately. 

The total connected load for the ten 
dormitories, administration building, 
street lighting, and the mess halls and 
kitchen was 1,367 kw. The annual maxi- 
mum demand was estimated to be 725 kw. 


TEMPORARY HOUSES 


The temporary houses consist of 4,000 
demountable units, each unit having the 
connected equipment and using the 
estimated energy per year shown in Table 
XVIII. 
mum demand per unit is estimated at 
1.5 kw, based on test information which 
was secured from various sources. 

The houses were segregated into groups 
applicable to each shift on the same basis 
as were the apartments. When the daily 
fluctuations of the combined groups on 
the three shifts were analyzed, the aver- 
age monthly maximum demand at the 
point of use was estimated to be one 
kilowatt per unit. After accounting 
for seasonal variation and distribution 
losses, the annual maximum demand 
resulted in an average of 1.29 kw per 
unit. 


PERMANENT HOUSES 


The permanent houses consist of 700 
units, each unit having the connected 
equipment and using the estimated 
amounts of energy per year shown in 
Table XIX. The average monthly maxi- 
mum demand per unit is estimated to be 
1.75 kw, based on test data. 

The load on this class of houses was 
estimated on the assumption that most 
of them would be occupied by families of 
the permanent employees and not subject 
to shift variations. The annual maximum 
demand at the substation, including dis- 
tribution losses, is estimated to be 2.29 
kw per unit. 

The demand requirements for both the 
permanent and temporary houses appear, 
perhaps, to be higher than ordinarily 
would be expected on an ordinary system. 
This is due to a realization of 100 per 
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The average monthly maxi- ‘ 


Table XIX 


Lightineee tere 1.0kw 
Small appliances.... 1.3 kw 
Refrigerator....... 0.2kw 
Rangeigs not ateetenete 11.0 kw 


} 600 kilowatt-hours 
420 kilowatt-hours 


1,380 kilowatt-hours © 
3,600 kilowatt-hours 


6,000 kilowatt-hours 


cent saturation of ranges, refrigerators, 
and water heaters. This equipment is all 
standard household size, the water heater 
having a 1,000-watt base element with a 
1,500-watt booster, both thermostatically | 
controlled. 

The use of this equipment where no 
individual house meter is provided places 
this service in the unmetered category. 
People living in these housing units will 
probably not be educated to unmetered 
use of electricity and will use much more 
than the general average. It is to be ex- 
pected that on cool mornings many 
people will take advantage of the un- 
metered service and partially heat the 
house by means of using either the surface 
or oven elements. 

Because of the three-shift working and 
living conditions, the load peaks may be 
of longer than usual duration. The 
morning cooking peak for those going to 
work on the day shift will probably be 
around 6:30 to 7:30 a.m. This peak will 
be followed by another one probably 
from 7:30 to 8:30 a.m. for those coming 
off shift at 8:00 am. Thus the peak 
period of the combined project will 
probably extend over a three- or four- 
hour period, during which there will not 
be a great variation between hourly 
peaks. 


PUMPING AND COMMERCIAL 


Water supply to the project is fur- 
nished by means of five 150-horsepower 
and one 30-horsepower pumps. At the 
time of the peak on the system it was 
considered that the demand would be 
660 kw. 

It was estimated that the commercial, 
industrial, and street-lighting require- 
ments would approximate 2,000 kw of 
connected load. The maximum demand 
was estimated at 1,034 kw. 
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4, The length of time at each hot-spot 
temperature. 


The Rating of Power Transformers as De- 


termined by the War Emergency 
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Synopsis: Accurate rating of transformers 
is one of the most important elements in the 
problem of providing continuous service to 
the customers of the utility industry. 
Rather than attempt to follow a general rule 
for the loading of transformers it is be- 
lieved that the urgency of wartime needs 
amply justifies the effort required to place 
individual ratings on each transformer bank 
of the utility under consideration. Experi- 
ence has shown that such ratings vary 
widely. The transformers cover a wide 
range of sizes, designs, manufacturers, and 
periods of manufacture; with weights per 
kilovolt-ampere ranging from 7 to 20 
pounds, excitation voltages ranging from 
95 to 110 per cent, their daily load’ factors 
from 25 to 100 per cent, and their seasonal 
loading from 0 to 100 per cent. The con- 
sequent saving of “‘critical’’ material is self- 
evident when each case is considered indi- 
vidually. 

During the war it is desirable to base 
station ratings on the thermal capacity of 
all the transformers normally available for 
service, rather than attempt to set up station 
ratings based on abnormally high emergency 
ratings of the remaining units after the 
assumed failure of one unit. It is essential 
that these higher station ratings be properly 
applied so that the danger of failure is 
minimized. 


N order to evaluate this program of 

individual transformer ratings, only 
dry units are considered. Since moisture 
accelerates the rate of insulation deteri- 
oration! and lowers its dielectric strength, 
increased ratings are not assigned to a 
questionable transformer until its mois- 
ture content has been reduced to a satis- 
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factory value. Once this factor is elimi- 
nated, consideration of the other fac- 
tors can be taken with greater accuracy 
and safety. Insulation deterioration and 
oil sludging are affected both by the 
magnitude and the duration of their tem- 
peratures. However, because of the sim- 
plicity of the rating method, it is neces- 
sary to consider only the magnitude at 
first. But as the load increases, the dura- 
tion as well must then be taken into 
account if a maximum utilization of 
transformer capacity is to be realized. 
The capacity of bushings, tap changers, 
and other current-carrying parts must be 
checked since they may prove to be the 
limiting factor. 

Such a program of calculating trans- 
former capacities based on load cycles, 
ambient temperatures, manufacturer’s 
test data, and operating conditions is a 
large undertaking unless the work is 
systematized and carried only as far as 
load conditions warrant. Therefore, a 
system has been set up wherein the rat- 
ings are progressively increased as the 
load increases. The more detailed com- 
putations are needed only when the load 
approaches the ratings based on the more 
general and, consequently, more con- 
servative method of rating. This pro- 
cedure reduces the amount of calculating 
and load supervising to a minimum. 


Method Used in Rating 
Transformers 


This progressive method of rating 


transformers is divided into four steps: 
1. The ambient temperature. 


2. The manufacturer’s test data and oper- 
ating conditions. 


3. The thermal capacity. 
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This last step which is called the equal- 
life method of rating takes the variations 
in daily peak loads, the variation in am- 
bient temperatures, and the hot-spot 
temperature cycle into consideration. 
Each successive step which usually re- 
sults in a higher rating utilizes the data 
obtained from the previous step. 


Increased Ratings for Oil-Insulated 
Self-Cooling Units Due to 
Ambient Temperatures Below 30 
Degrees Centigrade (First Step) 


The first step in rating transformers is 
to take advantage of the ambient tem- 
peratures lower than 30 degrees centi- 
grade. Ratings are assigned, based on 
the Pittsburgh Weather Bureau average 
monthly temperatures over a 64-year 
period (see Table I). In order to take 
care of the deviation from the average 
temperature, six degrees centigrade is 
added to the mean values to obtain ac- 
ceptable values for rating purposes. The 
actual daily average temperatures ex- 
ceed the accepted monthly values used 
for rating less than 15 per cent of the time. 
The American Standards Association 
rule? which states that the “capacity can 
be increased 1 per cent for each centigrade 
degree the average temperature is below 
30 degrees centigrade” is then applied to 
obtain monthly ratings. It may be 
noted that in Table I, column 2, the ac- 
cepted ambient temperature for July is 
30 degrees centigrade and for December 
seven degrees centigrade, which results 
in a 100 per cent rating for the month 
of July and 123 per cent rating for 
December. 

When the banks are located indoors, the 
assumed ambient temperatures are in- 
creased five degrees centigrade under 
good ventilating conditions and ten 
degrees centigrade for average conditions. 
If the differential between indoor and 
outdoor temperatures exceeds ten de- 
grees centigrade by measurement, the 
ventilation is usually improved. If the 
difference is less than ten degrees centi- 
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LIFE UNITS 


80 90 100—s*HIO '20 130 
HOT-SPOT TEMPERATURE — C 


Figure 1. Life units versus hot-spot tempera- 
ture for various degrees of insulation strength 


One life unit equals one hour of operation 
at 95 degrees centigrade hot-spot temperature 


grade, improvement is not usually justi- 
fied. 

Monthly ratings are of particular ad- 
vantage in distribution substations where 
the lighting load is a considerable part of 
the total, since the shape of the seasonal 
load curve approximates that of the 
rating curve based on the outdoor am- 
bient temperatures. 


Increased Ratings of Oil-Insulated 
Self-Cooling Units Due to Design 
and Operating Conditions 
(Second Step) 


When the load exceeds approximately 
90 per cent of the rating as determined 
by the previous method, calculations 
based on the manufacturer’s test data 
are made. In this, the losses in the 
transformer during the factory thermal 
test are calculated and compared with 
the actual losses in service of units built 
to the same specification. In determin- 
ing the losses, corrections are made for 
the tap connections, operating tempera- 
tures, and applied voltages. In making 
these calculations the high- and low- 
voltage copper losses and the stray losses 
are considered separately, each being 
corrected to 95 degrees centigrade aver- 
age copper temperature for the normal 
ratings. The core loss is corrected by 
some power of the ratio of the applied 
voltage to the rated voltage, the former 
voltage being determined from annual 
system voltage surveys. The exponent 
used is based on tests made at 100 per 
cent and 110 per cent excitation. If 
tests are not available at overexcitation, 
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an exponent of 2.5 is suitable for most 
modern transformers. In the older 
designs this exponent ranges from 1.7 to 
4.0. It must be remembered that this 
exponent is empirical and applies only to 
ratios near unity. . 

The temperature rises for the trans- 
former under operating conditions at 
100 per cent of rated name-plate current 
for the tap used are obtained by correct- 
ing the factory test values of both the hot 
spot over top oil and the top-oil rise by 
the ratio of the losses for the two condi- 
tions raised to the 0.8 power. The total 
losses are used for the top-oil tempera- 
ture correction and the load: losses for 
the hot-spot rise over top-oil correction. 
Curves of hot-spot rise over oil, hot-spot 
rise, and top-oil rise versus per cent load 
are then plotted, assuming that the rises 
vary as the 0.8 power of the losses as ex- 
plained. (See appendix, Figure 5). This 
exponent is substantiated by information 
published in reference 3. 

Before the ratings are assigned, it will 
be necessary to set up limiting tempera- 
tures for both the insulation and the oil. 
For normal ratings 105 degrees centi- 
grade has been chosen as the limiting 
hot-spot temperature if the load factor is 
not too high. This agrees with the 
American Standards Association rating of 
105 degrees centigrade for eight hours. 
The top-oil limits are set at 75 degrees 
centigrade for open or free-breathing 
transformers, 80 degrees centigrade for 
conservator-type units, and 85 degrees 
centigrade for inert gas units. These 
values are based mainly on experience, 
and the fact that sludging depends to 
some extent on the contact of the oil with 
oxygen as well as temperature and time. 
It is possible that these values may be 


Table I. 


Used as a Basis for Rating Transformers 
Degrees Centigrade 


Outdoor Ambient Temperatures 


Average 

Average Daily 

Average Daily Maxi- 

Average Daily Maxi- mum 

Daily Tem- mum Tem- 

Tem- pera- Tem- pera- 

pera- tures pera- ture 

Month tures* +6C ture* +6C 
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* Based on 64-year period from 1874 to 1938, 
Pittsburgh Weather Bureau. 
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EQUIVALENT HOT-SPOT TEMPERATURE —C 


° 20 30 10 20 30 40 
AMBIENT TEMPERATURE — C 


Figure 2. Illustrative equivalent hot-spot 
versus ambient-temperature curves for con- 
stant ambient temperatures and constant loads 


revised upward if further experience justi- 
fies this action. The values chosen de- 
pend somewhat on the inspection period 
set up for oil reconditioning or filtering 
and the type of oil used. 

Monthly ratings can now be assigned, 
based on the limiting hot-spot and top-oil 
temperatures, the ventilation, the out- 
door temperatures, and the hot-spot and 
oil rise versus load curves. The ambient 
temperatures used for this method are 
the average daily maximum values plus 
six degrees centigrade as is indicated in 
column 4, Table I. It will be noted that 
the ratings are based on ultimate tem- 
perature rise and accepted maximum 
hourly temperature rather than the actual 
temperature rise and the daily average 
ambient temperature. This results in a 
somewhat conservative rating, which 
does not change with load cycle and re- 
quires little office supervision. Increased 
ratings of considerable magnitude are 
possible with this method of rating; yet 
periodic inspection of the load cycles and 
close scrutiny of the ambient tempera- 
tures are not necessary. 


Increased Ratings Due to Thermal 
Capacity (Third Step) 


When the load approaches the values 
assigned to the units by the preceding 
method, it is then necessary to take ad- 
vantage of the thermal capacity of the 
units. Load cycles for a peak winter and 
a peak summer day are plotted and 
blocked. When transformer thermal 
transient calculations are being made, the 
shape of the load cycle curve at the time 
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of the peak load is most important. 
More conservative ratings are obtained 
by averaging the peak load over a period 
of hours. For base load stations a four- 
hour average and for residential stations 
a two-hour average are about the shortest 
periods that should be used. 

Any of the published methods of mak- 
ing thermal transient calculations may 
be used, but since curves have been pre- 
pared for the previous method of rating, 
advantage should be taken of this infor- 
mation. Load-cycle calculations for two 
or three assumed peak loads should be 
made for the winter and summer cycles, 
using the step-by-step method. The 
assumed peak loads should be of the order 
of magnitude expected for the monthly 
ratings; for example 110 per cent,120 per 
cent, and 130 per cent may be assumed 
for the summer cycle if the ratings for 
these months are expected to be between 

these values. The curves of Figure 5, the 

transient-heating equation, the  time- 
constant curve, and the various tables 
as explained in the appendix are of con- 
siderable assistance in making these 
computations. Monthly ratings are ob- 
tained from curves of peak hot-spot rise 
and peak oil rise plotted against per cent 
load for both the winter and summer 
cycles. The curves for the spring and fall 
months are obtained by assuming values 
halfway between the summer and winter 
curves. Various simplifications in the 
method of calculating become obvious as 
experience is obtained in making these 
computations. Hereafter these ratings 
which are used as a basis for normal 
everyday recurrent loading will be re- 
ferred to as “‘recurrent”’ ratings. 

These three methods of rating pro- 
gressively applied result in considerably 
higher than name-plate ratings as is 


Table Il. Comparison of General and Indi- 
vidual Bases of Rating 
Aliquippa Substation,. Three-Phase, 3,000 


Kva, 29.5/4.33 Kv, 400 Amperes 


Location—Outdoors 
Time Constant [—3.9 hours 


Comparison of Rating 


(Per Cent) 
Method of Rating July December 
I. General (step 1—ambient- 
temperature basis).....:.-.-. LOO MS asec 123 
II. Individual (step 2—test- 
PEL ARDASIS) Peale oie sais eres NOT ores 143 
III. General (interim report, 
Megigo ) Aes soe core 6 aee LOS exis xe 132 
IV. Individual (step 3—load- 
CYCleibASIS)<...0 cecil. ss = 5 1p ane ee 154 
V. Individual (step 4—equal- 
NIFE]APASIS) ro cteues oust = os slags wisi die erat oi 154** 


* 70 per cent load factor in July and 64 per cent 
load factor in December. 


** Limited by current-carrying parts. 
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Figure. 3. July temperature- 120 
distribution curve for Pitts- 

burgh and vicinity 100 
The curves give the distri- 

bution for the total 24-hour 2 
period as well as for 6-hour 

periods we? 

3 

O40 

20 
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indicated by Table II, which gives the 
results for these three steps as well as the 
general method of the interim report! 
for a typical suburban distribution sta- 
tion. In this example the general method 
is the more conservative, but this is not 
always true. 


Industrial Versus Distribution Type 
of Substations 


The same methods can be applied to 
rating both distribution and industrial 
substations. However, the monthly rat- 
ings have little meaning in industrial 
substations, as they usually have little or 
no seasonal trend, and in these cases the 
July rating would always be the limiting 
value. As the first step in rerating in- 
dustrial substation transformers which 
have no seasonal trend, the load-factor 
method as given in the interim report 
which states “‘that the capacity may be 
increased 0.3 per cent for each one per 
cent the load factor is below 100 per cent”’ 
is quite satisfactory. However, it must 
be remembered that the magnitude of 
the hot-spot temperatures experienced at 
two stations having the same load factor 
but different load-cycle characteristics 
vary considerably. For example, a 
customer operating on one eight-hour 
shift may have the same load factor as 
one working three eight-hour shifts but 
would have considerably different hot- 
spot temperatures. More accurate meth- 
ods for calculating the ratings are the 
individual methods discussed previously. 


Increased Ratings Based on a 
Summation of the Life Consumed 
at Various Hot-Spot Temperatures 
(Fourth Step) 


The fact that loads in most industrial 
plants show no seasonal trend suggests 
that one can afford to take more life out 
of the units during the summer months, 
as the insulation deterioration during the 
winter months may be almost negligible. 
This suggests a summation of the life 
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consumed at each hot-spot temperature. 
This method of rating may be applied 
to either the distribution type or the 
industrial type of station, but the result- 
ing rating increases are much greater in 
the latter stations. This method which 
has been called the equal-life method is 
now in the development stage and has 
not been proved by field experience. 

In this method of rating, one hour of 
operation at 95 degrees centigrade is 
defined as one life unit. Assuming that 
the rate of transformer insulation deteri- 
oration varies in accordance with the 
data given in reference 1, Figures 6 and 7, 
a curve of hot-spot temperature versus 
life units can be plotted as shown in 
Figure 1. 

The method of rating can be explained 
by giving a typical example. Three 
typical ambient temperatures such as 35, 
25, and 15 degrees centigrade are added to 
the 24-hour hot-spot temperature-rise 
cycle for three different peak loads such as 
110, 125, and 140 per cent and set down 
in table form. The three temperature- 
rise cycles are obtained from the previous 
method of rating (step 3). The hot-spot 
temperatures are then converted to life 
units by using Figure 1. The trans- 
former assumed was considered to have 
deteriorated to 50 per cent of its original 
insulation strength. When the life units 
for the periods and constant ambient 
temperatures assumed are averaged, they 
can be reconverted into an equivalent 
continuous hot-spot temperature. The 
summary of this work for Aliquippa sub- 
station is shown in Table III, and the 
curves of equivalent hot-spot tempera- 
tures versus ambient temperatures for 
the three loads are given in Figure 2. 
The per cent load figure used in this 
method refers to the highest peak occur- 
ring during a 24-hour period. The day is 
divided into four periods, because in this 
type of station the heavy load occurs 
during the high-ambient-temperature pe- 
riod and the light load during the low- 
temperature period. A similar group of 
curves should be obtained for the Decem- 
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Table Ill. Reduction in Life Measured in Life Units for Aliquippa Substation Temperature 
Cycle (for Three Assumed Constant Ambient Temperatures) 

Per Cent Load 110 125 140 

Ambient Temperature 15 C 25C abe 15C 25C 35 C 15 Cc 25 C 35C 
Period 

Total Life Units Consumed During One 24-Hour Period 

I=G) as Maio. ga tue nce See 0 0 = OR0GMon cn 0 ye OF Oley Onl eee 0 ee OF 05: 85 0.30 

7 a.M.-noon.... sao. 0.05 Ke 4, iBT 5.6 WP, THOS LUD os oO a BPD oo AY 

LGGs pm eneprs tesa iets OROSMENLOLAS © eG TOL 42) ao DLO nS. ume a mee Oo Ome LOO 

Vapi Oo midui ght eee OOM O nda ON Tee new 0 OO ONO Tare tT Amer 44ers a Sirdia) 

24-hour period. ...:.. OMI RON STA mee to mien OR Vecumeen On 74 uae al Onul utente tdi endl sar SO meta OT 04 

Average Life Units Per Hour for Above Cycle 

16 va iia scar be cutee ee 0 ia] Se LO MOMORRe. (0 me OLO002s, OL OLSanraO! ,» 0,008, 0.050 

22. MO MOON ayes eke OROOSPNORO4250 OLOGnee O.0SSr Only camOn (Oommen One a0, Soon 2.880 

LG pits. ye smn ones 0,018... 0.080. 0.395... 0.070... 07350. 1.4605,. 0.418." 1.660 5.250 

7 p.m.—12 midnight..; 0.003.. 0.023.. 0, 130.5. 0.016. 07095... (0456... 5 0.074..5 0.367, 1.465 

24-hour period....... 0.006.. 0.036.. i), TSS LO O0S0n. OM LOGiin On OLOanem On Laan OlmaOr 2.410 

Equivalent Hot-Spot Temperatures* for Life Units in Above Table (Degrees Centigrade) : 

1 Olas ene toe OU as se-00) 1.08 ep OOM est OO le ee ete) L Batt OO LOO. aria { 

a BAN HROON . oalrkhs 4es 66 cohey . 85 a ees ..93 . 85 . 94 .103 

LES Lahs oe onls Ses ice ciaeyemae 69 Sah Sates) eS: . .88 ..98 aU, ..99 108.5 

7 p.m.-12 midnight. . .62 ates 1.82 ..70 . .80 . .90 near i!) . 88 98 

24-hour period....... 64 04 . .84 74 . 83 . 92 ..83 .298 .102 


* Plotted in Figure 2. 


ber temperature cycle if it differs to 
any great extent from the July cycle. 

The next step is to obtain a curve show- 
ing the distribution of the outdoor am- 
bient temperature versus hours for the 
months of July and December based on 
a number of years. Such curves for July 
based on the same four periods of the day 
are shown in Figure 3. A summation of 
the life units consumed during the month 
for the actual ambient temperatures and 
the three assumed peak loads can then 
be obtained by applying the July tem- 
perature-distribution values to Figure 2. 
This summation is given in Table IV. 
The summation of the life units divided 
by the number of hours in a month gives 
the average rate of consumption of life 
units and an equivalent hot-spot tem- 
perature for each per cent load. 

A curve of per cent load versus equiva- 
‘lent monthly hot-spot temperature can 
then be plotted (Figure 4). Since the 
loads for the various days of the week 
usually vary, it is necessary to express 
the peak loads for each day in terms of 
name-plate rated current and convert 
to life units, make the summation, and 
reconvert to an equivalent monthly 
hot-spot temperature. This calculation is 
given in Table V. The limit for this 
method of rating is assumed to be the 
consumption of an average of 0.5 life 
units per hour which is equivalent to 
continuous operation at 90 degrees centi- 
grade hot-spot temperature. The rate of 
deterioration is fairly high at this tem- 
perature, and so the limit may have to be 
reduced as experience in this method is 
obtained. 

When the summer and winter load 
cycles differ, calculated values of equiva- 
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lent monthly hot-spot temperatures for 
two months, July and December, usually 
suffice, as similar values for other months 
can be obtained by weighing the two cal- 
culated values, taking the accepted 
monthly ambient temperatures into con- 
sideration. From the monthly values the 
total life units expended annually and an 
equivalent annual hot-spot temperature 
can be obtained by the method given in 
Table V. 

A word of caution should probably be 
added here. In order to take advantage 
of these increased ratings, it is essential 
that the transformer be in good condition, 
that is, the moisture content should be low, 
the current-carrying parts such as tap 
changers and bushings should have suffi- 
cient capacity, and the oil-expansion 
space should be ample. It is also neces- 
sary to check the oil temperatures to 
see that the rate of sludging is not too 
high. 


Other Methods of Increasing 
Capacity 


Rating transformers ou an individual 
basis has an additional advantage in that 
it indicates what corrective measures 
are necessary to increase their capacity. 
For example, if oil temperature is the 
limiting factor, improved ventilation, 
the installation of additional radiators, or 
the installation of inert gas equipment 
which permits operation at higher oil 
temperatures will usually result in rela- 
tively large increases in capacity. If 
overexcitation is limiting the rating, 
installation of boosters in the neutral 
of star-connected transformers is the 
logical solution. 
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One result of the war has been the shift 
in the policy of rating two bank stations 
from the emergency rating of one trans- 
former bank to the recurrent ratings of 
two banks. This has resulted in con- 
siderably increased station ratings, but 
it may necessitate load curtailment during 
some emergencies. 

The rapid increase in the war industry 
and the difficulty in obtaining materials _ 
has necessitated the shifting of units from 
lightly loaded stations to release capacity 
for new war plants. Here again individu- 
ally calculating bank capacities pay 
dividends, as banks having high time 
constants can be applied to the stations 
having peaked load cycles, and low time- 
constant banks can be applied to high 
load-factor stations where it is not 
possible to take advantage of the thermal 
capacity of the units. If the amount of 
inert gas equipment is limited, the ratings 
indicate the transformers on which this 
equipment can be used most profitably. 


Auxiliary Cooling 


When the other methods of increasing 
capacity have been exhausted, it is neces- 
sary to install some auxiliary method of 
cooling such as air blast, water-spray 
rings, or heat exchangers. The use of 
fans is usually the most convenient 
method, and, when sufficient fans are per- 
manently installed, a 20 per cent increase 
in name-plate capacity is added to the 
recurrent rating without field tests. If 
more capacity is required, it is desirable 
to run tests on the units in the field. 
When tests are made, and the top-oil rise 
and gradients are established for the new 
conditions, the same three methods of 
rating as discussed previously can be 
applied. However, it must be remem- 
bered that the exponents used in this 
case will be 1.0 instead of 0.8. Additional 
capacity up to approximately 50 per cent 
is possible with this method of cooling. 


Emergency Ratings 


In spite of all precautions failures will 
occur. So emergency ratings still have 
an essential purpose in system operation, 
because’ they point out the bottlenecks 
in case of such failures. Wherever it is 
possible that emergency ratings may be 
exceeded, plans must be made to take 
care of the various contingencies that 
may arise. 

In calculating emergency ratings, the 
usual method employed is that dis- 
cussed under step 3; with higher tem- 
perature limits being assumed, 115 de- 
grees centigrade is used for the hot-spot 
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limitations and 90 to 95 degrees centi- 
‘ade for the top-oil limitation, the cal- 
lations being made for a typical 24- 


i 


110 Per Cent Load 


Table IV. Aliquippa Substation—Summation of Life Units for the Month of July 


125 Per Cent Load 


hour load cycle at the station con- 
sidered. This calculated rating based on 
average conditions is used mainly for 
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EQUIVALENT HOT SPOT FOR JULY 
o 


Illustrative curve for a distribution 


Figure 4, 

substation transformer showing the July 

equivalent hot-spot temperature versus per 
cent load 


planning. Other short-time emergency 
ratings with higher temperature limits 
are used for special conditions where the 
load can be relieved by switching or by 
the installation of fans. When an actual 
emergency occurs, the load-carrying abil- 
ity of the units is calculated on the spot, 
based on the actual ambients, loads, and 
probable duration of the emergency. 
It is desirable that all essential infor- 
mation on the transformer affected at 
the time of the emergency be available 
so that every possible kilovolt-ampere of 
capacity can be utilized without undue 
damage to the units. Curves or charts 
showing the variation of top-oil tempera- 
ture and hot-spot gradients with load, 
together with the actual top-oil tempera- 
ture and hot-spot readings, are very help- 
ful in determining the allowable overload. 
In an actual emergency, every effort is 
made to relieve the overload by trans- 
ferring load or by the use of fans, al- 
though the emergency ratings are not 
necessarily being exceeded, as it is de- 
sirable to prevent abnormal rates of in- 
sulation deterioration. 

In the majority of cases, hot-spot 
meters are not installed, so in these cases 


Table V. Aliquippa Substation Transformer 
Rating on an Equal-Life Basis for the Month 


of July 
Equivalent 
Per Hot-Spot 
Cent Tempera- 
Load ture Life Units 
6) weekday | 197 ot 5 bees hours = 
peaks* § 73.20 
Saturday Pee eget pte hours = 
peak 7.24 
Sunday peak...100...60.0 .. hee hours = 
0.06 
90.0**, 0.48168 hours = 


80.50 


* All the weekday peak loads are the same magni- 
tude and shape. The Sunday peak has a slightly 
different shape, but, because of its comparatively 
low magnitude, it has little effect on the results. 


** The limit for this method of rating is assumed 
to be the utilization of an average of 0.5 life units 
per hour which is equivalent to continuous operation 
at 90 degrees centigrade hot-spot temperature. 
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it is necessary to add a calculated hot- 
spot rise to the top-oil temperature as 
read, to determine the transformer operat- 
ing temperature. A running curve of 
the load, top-oil temperature, and hot- 
spot temperature plotted during the 
emergency is very helpful in determining 
when load curtailment is necessary. If 
service being fed by the stressed units 
is vital to the war effort, higher rates of 
depreciation would probably be accepted 
as long as a second failure is not imminent. 
Usually, however, when emergencies do 
occur, the ambient temperatures are 
lower, the loads are lighter, or the dura- 
tion is shorter than the conditions as- 
sumed for calculating the ratings. 


Conclusion 


Individual transformer ratings for 
recurrent loads are amply justified by the 
additional capacity which is then known 
to be available for the war effort. 

Some 20 customers have already been 
carried with loads up to 60 per cent 
above name-plate rating. AIEE limits 
of hot-spot operation have not been ex- 
ceeded as yet. 

So far there have been no failures of 
transformers due to loading nor any cases 
where it is believed that the rate of in- 
sulation deterioration is excessive. 


Appendix 


The following development is given to 
indicate a desirable form of the standard 
heating and cooling equations to use when 
a large number of calculations are to be 
made, using the step-by-step method of 
increasing ratings: 


W=Ws+Wa 
K6,1-25 = Cpo+ Ko}. 


K(y!-25—6;}-25) 


PO; C 


Initial slope of temperature heating curve 


Therefore 


1 K(6,3-25—6,1-25)  K@,'".25 (1 — 1-25) 


ie C(O, —9;) € (Leer) 
ee: (W,) 9-8 * (P2N+1)9.8 
Tepes) 
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Figure 5. Illustrative curves for 
a typical transformer 120 


These curves are used for 


RECIPROCAL OF TIME CONSTANT—HOURS 
U.20 022 024 026 028 030 032 


rating transformers on an ulti- 
mate oil-temperature basis and 


for the thermal transient calcu- 
lations 


TEMPERATURE RISE =— C 


Therefore 
Te Kea’**) Gr1) (PINT UR) 
1g Re (Opp). GL? —“(1—R) 
1 (Wer) (P2N+1)%2 (1—R1-25) 
T (Cbpr) ON) TR) 

(1) (2) (3) 
GR 
Tat a eR) 

(4) 


1. The constant (C@p,)/(Wpz) is used as a 
time-constant reference figure for the trans- 
formers. 


2. The term( P?N+1)/(N+1) for expo- 
nents of 0.2, 0.8, and 1.0 are set up in table 
form for values of N from 1 to 4 and P 
from 0.2 to 1.6 in 0.2 steps. 


3. The term (1—R!-%)/(1—R) can also be 
set up in curve or table form. 


4. Accurve of 1/7, versus top-oil tempera- 
ture is also plotted as shown in Figure 5. 


5. A table of (1—e~‘/7) for various values 
of —t/T is also of considerable assistance in 
solving the transient heating equation 
(6;—0;) = (6,—6;)(1—e7*/7). 


When one is solving the transient-heating 
equation for a 24-hour period, it is desirable 
to start the calculation at the end of the 
minimum load period. This is usually about 
six o'clock in the morning. The initial oil 
temperature (0;) which must be assumed for 
the first step, is usually about two or three 
degrees above the ultimate temperature rise 
for the minimum load. With a little experi- 
ence, it is possible to estimate this tempera- 
ture in advance within one degree centi- 
grade. If the error in the original assump- 
tion is too great, the transient calculation 
should be continued until the maximum oil 
temperature is obtained. The values of 
(@,) and (1/7,) are obtained from Figure 5, 
the values of (1/7) are obtained by multi- 
plying (1/7,) by the function of R as ex- 
plained above. The values of (1/7,,) for the 
heating portion of the cycle corresponds to 
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40 60 80 100 120 140 160 180 — 
PER CENT LOAD 


(6,,) and for the cooling portion of the cycle 
to (0;). 


List of Symbols 


C=thermal capacity 
N=ratio of copper to no-load loss 
P=ratio of load amperes to name-plate 
rated amperes 
p=d/dt 
R=ratio of (6,,/0;) for cooling cycle and 
(6,/0,) for heating cycle 
t=time in hours 
T =time constant 
T,=time constant for zero initial rise 
W =watts loss in transformer 
W,=watts dissipation 
W,=watts stored 
Wy, =watts loss at full load under operation 
conditions 
W,,=watts loss at load which would pro- 
duce 6, 
6p, =oil-temperature rise at full load under 
operating conditions 
6;=initial oil-temperature rise 
6,,=ultimate oil-temperature rise 
6,=final oil-temperature rise 
6g=temperature gradient between hot- 
spot and top-oil temperature (ulti- 
mate values are used throughout) 
44s =hot-spot-temperature rise 
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rotective Relaying for Long Transmission 


Lines 


A. R. van C. WARRINGTON 


ASSOCIATE AIEE 


| BP to a certain length of transmission 
line, conventional distance relays 
will readily distinguish internal faults, for 
which the line should be opened, and 
external faults, load conditions, and power 
! swings, for which the line should not be 
opened. This distinction is based on the 
_ magnitude of the impedance or reactance 
_ of the line as it appears to the relay. This 
impedance will be referred to hereafter as 
_ the input impedance and is determined by 
the current and voltage existing at the 
_ relay location. 
The magnitude of the input impedance 
will distinguish clearly between internal 
and external faults for any length of 
lines, but, as longer lines are considered, 
the difference in impedance between load 
and fault conditions becomes less and 
may even be reversed. On the Kansas— 
Nebraska line, using conventional dis- 
tance relays, there would be undesirable 
tripping on power swings from which the 
system can recover easily, such as those 
that may occur when the line is reclosed 
instantaneously after clearing a tempo- 
rary fault. The power swing in this case 
is caused by the two terminals having 
drifted apart slightly during the reclosing 
period, because the sending end has lost 
load, causing it to speed up, and the re- 
ceiving end has lost power, causing it to 
slow down A therefore, when reclosure 
occurs, a large amount of power flows and 
tends to draw the two ends together and 
thereby reduces the flow of power, and 
an oscillation is started. 

Although there is little difference in the 
impedance magnitude during fault and 
load conditions on very. long lines, there 
is, fortunately, a considerable difference in 
phase angle. During load conditions the 
heavy charging-current component tends 
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to make the input impedance have a 
leading power-factor, whereas during an 
internal fault much of the line capaci- 
tance is short-circuited and the input im- 
pedance is therefore lagging considerably 
as shown in Figure 4 on curve Z,. 

As a result of the foregoing, impedance 
magnitude was once more used to dis- 
tinguish between internal and external 
faults, but the distinction between faults 
and load conditions was based on phase 
angle, a quantity which was so selective 
that it was possible to differentiate fur- 
ther between load conditions, so that 
tripping was prevented on normal loads 
and power swings but allowed on out-of- 
step conditions. 

No special relay construction was used. 
All the relay elements were of standard 
design with the reactance and resistance 
of their potential coil circuits arranged 
to obtain the desired characteristics. The 
equipment has certain advantages over 
the conventional distance-carrier-relay 
equipment and is not limited to ex- 
tremely long lines; it can be used also for 
lines as short as about 50 miles. The 
equipment was developed for the 270- 
mile 154-ky interconnection between 
Nebraska Power Company and Kansas 
Gas and Electric Company systems to 
meet the general performance specifica- 
tions laid down in a companion paper,' 
and it has been applied since to the 


“Ark-La” 154-kv line, approximately 
200 miles long in Oklahoma and 
Arkansas. 


Impedance Diagrams 


If capacitance and shunt loads are 
neglected, the transmission of power over 


132-KV 


Figure 1. Connections of re- 
lays relative to transmission line 
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penal 
66-KV BUS 
POWER 
aaa 


KANSAS GAS AND ELEC. CO. 


a simple single-line system can be rep- 
resented vectorially as shown in Figure 
2 wherein V, and V, represent the volt- 
ages behind the terminal generator im- 
pedances, and the voltages V,, V,, and 
so forth, are the voltages existing at 
various intermediate points. The system 
interchange current J, and the angle 
6 will both increase in magnitude as the 
power transmitted is increased. 

The relays located at the various inter- 
mediate substations will see impedance 
values determined by the relation between 
the substation voltage (such as V, or Vp) 
and the current J;. This value is the 
equivalent input impedance of the system 
and will be referred to as the input im- 
pedance. As the load changes, 0, V,, V», 
I,, and the input impedance will change. 
In a companion paper! the loci of the 
input impedance at a given location for 
various ratios of line-terminal voltages 
are shown to be circles on a resistance- 
reactance diagram. Furthermore, it is 
shown that, for the special ratio of line- 
terminal voltages E,/H,=D, where D is 
one of the ‘“‘general line constants,” the 
radius of such a circle is infinity, and the 
circle becomes a straight line. 

For short lines where capacitance and 
shunt loads can be neglected the general 
line constant D=1, and thus, if the 
terminal voltages V, and V, are always 
equal, the loci of input impedance as 
“Seen” from terminals R and S (Figure 2) 
are straight lines coinciding with the 
0 per cent and 100 per cent lines of the 
distance scale on Figure 3. When these 
straight-line loci obtain simultaneously 
at the two terminals of a circuit, the loci 
of the impedances “‘seen”’ at intermediate 
points on the circuit are likewise straight 
lines and form a family of parallel lines 
as in Figure 3, which was first presented 
to the Institute in a discussion by J. H. 
Neher.’ 

Under the conditions for which it is 
valid, that is, systems with negligible 
capacitance, no shunt load, and equal 
terminal voltages, Figure 3 shows that 
the input impedance, as seen from any 
particular point, is a minimum when the 


ner 
GENERATION 


RELAYS 
154-KV LINE 


%_ CURRENT. 
TRANSFORMERS 
300/5 


250/5 CURRENT 
TRANSFORMERS 
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132-KV BUS 66-KV BUS 


Se} ==  I54-KV LINE | 
sO = = " £3 = IR 


terminal voltages are 180 


displaced 
degrees, and is infinite when the equal 


terminal voltages are in phase, since 
under this condition there is no current 
flow. 

This type of chart is very convenient 
for determining whether or not a particu- 
lar relay will operate for a particular 
amount of load transfer or for a particular 
angular displacement under swing con- 
ditions. To determine this, it is necessary 
only to plot the relay pickup character- 
istics on the diagram (being sure to plot 
both characteristics to the same scale) 
and observe at what value of the line- 
displacement angle @ the relay character- 
istic crosses the line characteristics. 

In the more general case for which 
Figure 3 is not valid (that is, where ter- 
minal voltages are not equal, line capaci- 
tance is large, or there are important 
shunt loads), is evident that the 
families of input-impedance circles ap- 
plying to each relay location must be 
examined and compared with the relay 
pickup characteristics to determine if 
that relay is suitable for the proposed 
application. 

In Figure 4, which represents a typical 
input-impedance circle for the 270-mile 
Kansas—Nebraska interconnection point 
A represents the system impedance for a 
fault at the far end of the line, and point D 
the impedance for a more remote fault up 
to which backup protection is desired. 
The third zone of the conventional im- 
pedance relay set to operate in backup 
time up to D would also operate on the 
maximum load of 50,000 kw. The con- 
ventional reactance relay with the same 
setting would not operate on this load, 
because it is outside the characteristic 
of the starting unit, but it could not be 
used as a basis for carrier relaying, be- 
eause the impedance fault detector would 
experience the same trouble as the third 
step of the impedance relay and would 
transmit carrier and set up the out-of-step 
blocking circuit, and thereby delay trip- 
ping on faults. 

A further margin of impedance would 
be required with either kind of relay to 
take care of the drifting apart of the two 
generating sources during the period of 
reclosure, because of the leading and 
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Figure 2 (left): 
Vector diagram of 
circuit in Figure 3 


Figure3(right). Input- 
impedance diagram 
for relays at various 
locations along a line 
with X/R=tan 75° 
connecting two sys- 
tems or machines, 
applicable to the 
special case in which 
V,=V, assuming no 
shunt load and ne- 
glecting shunt ca- 
pacitance 


-200 -I60 -120 


D=Distance of relay location from equivalent 
internal voltage of the leading end Vs, in per 
cent of total impedance trom S to R 


The co-ordinates are scaled in per cent of total 
impedance from S to R. Abscissas are resist- 
ance; ordinates are reactance 


losing load end speeding up and the lag- 
ging end losing generation and slowing 
down; otherwise, the relays would trip 
on the reduced impedance condition 
caused by the two stations swinging apart 
before reclosure. 

The problem then was to design relays 
which would: 


1. Trip instantaneously for faults up to A, 
including arc resistance. 


2. Trip on out-of-step conditions and 
swings from which the system will not re- 
cover. 


3. Not trip on loads up to the steady-state 
power limit. 


4. Trip in delayed time up to D, for backup 
protection. 


5. Not trip on swings from which the 
system would be likely to recover, that is, 
roughly up to 6=110 degrees. 


6. Provide carrier blocking for external 
faults. 


The Solution 


> 


and 3 require that the 
relays should trip instantaneously for 
conditions. within the area A-A’ 120 
degrees—B-B’ 240 degrees. A circle fits 
very well around these points (see 
Figure 4), the center of the circle being 
on the line-mpedance line AB, about 
60 degrees lagging the R axis, though it 
also includes some loads which should be 
excluded under item 3. Such a circle is 
the characteristic of a directional relay 
with a voltage restraint, which is similar 
to the starting unit of the standard re- 
actance-type distance relay. This unit 
measures a quantity of the form J:f(¢)/V 
= V-f(¢) which is “admittance at an 


inven il, 2 


Warrington—Protective Relaying 


i 


y 
SE 


—— 
a 


a] 


-80 


/ 


-40 


” 


angle.”’ Since this quantity is in mhos, 
the unit is called a “mho unit,’ corre- 
sponding to the term “ohm unit” applied 
to the reactance-measuring unit of the 
distance relay, which measures 
pedance at an angle.” 


“im- 


Items 4, 5, and 6 require a relay com- 
bination which will operate within the 
shaded area of Figure 5. The straight 
sides of the area are similar to the char- 
acteristics of a reactance unit except that 
they represent constant impedance at 
20 and 30 degrees leading the unity- 
power-factor position instead of lagging 
it by 90 degrees. The ends of the area 
were cut off by the circular characteristic 
of an impedance unit as shown in Figure 
5. In other words, by connecting a con- 
tacts of the impedance unit and the two 
ohm units in series with a timing unit, 
backup protection with delayed tripping 
occurs in the lightly shaded area K PQ. 
By connecting a set of b contacts of the 
three units in parallel in the carrier-con- 
trol circuit, carrier blocking is provided 
over the same area K PQ, which disposes 
of items 4 and 6. 

In reference to items 2 and 5, by con- 
necting the contacts of the ohm units in 
series with those of the mho unit, the 
value of 6 at which tripping occurs can 
be controlled accurately by the settings 
of the ohm units; otherwise, this limit is 
determined by the mho unit, whose setting 
is based on the length of the line and 
hence cannot be adjusted to a value of & 
also. With the present line, Figure 5 
shows that the mho unit would prevent 
tripping on swings up to about 6=75 
degrees, but it was decided that about 
100 degrees would be required to provide 
sufficient margin for power swings, es- 
pecially after instantaneous reclosure of 
the breakers following a fault. 


Relay Settings 


At this point it will be apparent why 
20- and 30-degree characteristics were 
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Figure 4. Impedance diagram of load and 
| fault conditions on long line at terminal B of 


Figure 1 


Angles marked on Zz circle are angles between 
terminal voltages 


_AB=impedance of line to three-phase fault 


at end of line =370 ohms 
AA’ =arc resistance with single-end feed, 60 
miles per hour wind and minimum generation— 
fault at A—125 ohms 


| BB’ =ditto with fault at B, near bus—32 ohms 


AD=reach of backup (zone 3) protection 
Mw =megeawatts sent from A to B 


chosen for the ohm units. As the char- 
acteristics were pulled in closer to the 


origin in order to prevent tripping on 


swings up to 6=110 degrees, they had 
to be made parallel to the boundaries of 
the tripping area in order to insure trip- 


ping for all fault conditions. 


The 20-degree characteristic can be as 
close to the line-impedance vector as 
desired but, the closer it is, the lower the 
ohmic pickup, and hence the higher the 
potential burden. A pickup of 42 ohms 
was chosen first for this unit but was in- 
creased later to provide higher relay 
torques. 


ES 20% 
SQW 
\ \ (a) 
Ne S MHO 
ANS wy 
BN ONS 


Figure 5. Tripping characteristic on phase 
faults and out-of-step conditions 
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Figure 6. Blocking and backup 
protection on phase faults and 
power swings 


Carrier blocking and time 

backup are provided in the 

shaded areas. Carrier is shut 

off by the mho unit in the 

double shaded area allowing 

instantaneous tripping for in- 
ternal faults 


The 30-degree characteristic has to 
allow for the maximum are voltage, which 
will be during minimum generation and 
single-end feed. 

Some approximate calculations of arc 
resistance for this circuit indicated that 
it might be between 50 and 70 ohms for a 
nearby fault and between 100 and 150 
ohms for a fault at the far end. To allow 
for these are values and to prevent trip- 
ping on swings required a setting of 72 
ohms. 

The diameter of the mho-unit circle 
represents its setting in ohms. To cover 
the fault area AA’ BB’ it was made 
initially about 375 ohms but was in- 
creased later to provide greater pickup 
torque and consequently faster action on 
far-end faults. The setting of the im- 
pedance unit was merely a rough margin 
between nearby and remote faults, so as 
to prevent the carrier and the timing 
unit from being operated unnecessarily ; 
the value chosen was 500 ohms. 

The effect of combining these circuits 
and their characteristics is shown in 
Figure 8, and explained in the next few 
paragraphs. 


Over-All Operation of Protective 
Relays 


Figure 8 shows the various zones of 
operation, and Figure 9 is a schematic 
diagram of the d-c connections. 

A phase fault on the 154-kv line is 
within both the carrier and tripping 
zones (see Figure 8 zone 7)). The ohm 
units O, and O, and the Z unit in the same 
phase open their b contacts in the carrier- 
control circuit, turning on carrier. The 
mho units M pick up the MX auxiliary 
relay which by-passes the contacts of the 
O and Z ‘units and restores negative 
direct current to the grid of the oscillator 
tube in the transmitter stopping carrier. 
Another contact of the MX relay de- 
energizes the receiver-relay holding coil, 
and, with carrier off, the receiver relay 
then closes its contacts and causes trip- 
ping in a total time of about 11/2 cycles. 

A ground fault picks up the over- 
current fault detector G whose 5 contact 
removes negative direct current from the 
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transmitter grid while the current polar- 
ized directional relay GD reapplies nega- 
tive direct current and stops the carrier. 
Other contacts of GD de-energize the re- 
ceiver-relay holding coil and complete 
the tripping circuit through the contacts 
of the receiver relay. 

An external fault within the range of 
the mho unit will not trip instantaneously 
through the receiver relay, because, at 
the faulted end, the mho unit is reversed 
and hence does not shut off carrier, so 
that instantaneous tripping is prevented, 
but the relay will trip in intermediate 
time (7»), if the fault is not cleared by 
the correct breaker. 

An external phase fault within the 
range of the ohm and impedance units 
turns on carrier as before and starts the 
timing unit (see zone 7;C of Figure 8), 
but at the faulted end the mho unit is 
reversed and hence does not shut off 
carrier, so that instantaneous tripping is 
prevented, but backup time (73) tripping 
will occur if the correct breaker does not 
trip. If the carrier is off for maintenance, 
the receiver-relay contacts R are short- 
circuited by the switch SC, so that trip- 
ping occurs directly when the mho unit 
closes (zones TJ; and T,). Instantaneous 
tripping with ‘‘carrier off’ is limited to 
the line and a little beyond the windings 
of the transformers at the far end by the 
setting of the mho units. If the fault is 
beyond this zone, the mho unit does not 
operate, and the timing unit operates in 
backup time (73), if the fault has not 
already been cleared. A fault within the 
reach of the mho unit but beyond the 
location of the opposite mho units will 
be cleared in intermediate time (T>) if 
not cleared already by carrier relays. 

An external ground fault within the 
range of the overcurrent blocking unit 
(G,) turns on carrier, but at one end the 
directional unit (GD) is reversed and does 
not turn off carrier, so that instantaneous 
tripping is prevented. In that case, the 
time overcurrent ground relay (type JAC) 
provides backup protection, unless the 
proper differential relay has already 
operated. 
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Receiver Blocking Relay, RB 


Carrier is started for all fault condi- 
tions, though it may be stopped almost 
at once by the directional relay, if the 
fault is in the tripping direction. If trip- 
ping occurs, the carrier will not be main- 
tained for more than the time taken for 
the directional relay and its auxiliary 
relay to operate, which will be one to 
three cycles. The persistence of carrier 
for more than three cycles would indi- 
cate an external fault and would operate 
the RB relay which is arranged to pick up 
in three to four cycles and drop out in 
six cycles. 

The RB relay energizes the holding coil 
of the receiver relay, so that, during ex- 
ternal faults, the RB relay maintains the 
blocking action for another six cycles 
after the carrier has been shut off by the 
resetting of the relays after the fault 
has been cleared. This arrangement 
prevents tripping through the carrier 
relays unless the condition is maintained, 
as would be the case if a second fault 
occurred just after the first one had been 
cleared. 


Tripping on Out-of-Step 
Conditions 


The conventional relay equipment for 
short lines employs blocking relays which 
prevent tripping on both power swing 
and out-of-step conditions. These condi- 
tions are recognized by means of an im- 
pedance unit which applies blocking after 
a time delay of about 0.1 second, unless it 
is prevented by an instantaneous im- 
pedance unit with a lower ohmic setting; 
in other words, a swing is distinguished 
from a fault by the rate of change of 
impedance. To effect tripping during 
actual out-of-step conditions requires a 
somewhat expensive relay which requires 
several power oscillations before it can 
be sure of the out-of-step condition. 

With the present equipment not only 
are the foregoing features inherent in the 
relay characteristics, but they trip in- 
stantly when the angle crosses a threshold 
value. Not only is no time required for 
the decision, but the angle itself can be 
set accurately from system impedance 
curves. In the present case a setting of 
72 ohms prevents tripping for power 
swings up to 6=110 degrees. 


The Mho Unit 


The mho unit is a four-pole induction- 
cylinder unit, see Figure 7a; the two long 
poles have a potential winding whose flux 
induces eddy currents in the induction 
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Figure 7a. 


Type CGZ special distance relay 


The upper is the mho unit 
The lower is the Z unit 


cylinder or rotor which react with the 
fluxes from the two short poles to produce 
torque. One of the short poles has two 
current windings excited by the currents 
in two of the phases, so as to make a flux 
proportional to their delta sum. The 
other short pole has a potential winding 
excited by the potential between the 
same two phases. The polarizing poten- 
tial winding has voltage from the next 
lagging pair of phases. As an example, 
phase 1—2 relay has a torque proportional 
to: Ve3[Wi—J2) cos (¢—@—30 degrees) — 
Viz sin o], where o is the angle between 
Vi, and V2.3, so that it operates when 
(i—In) cos (8B—@—30 degrees) > Vip sin 
og, or when the admittance of the circuit 
(1 —Iz) cos (—@—30 degrees) 
Vy. sin o 

The value of Y is adjusted by an 

auxiliary potential transformer with nine 


> Y mhos, 
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Figure 7b. Type PDM d-c timing unit 


(Tg and T3) 
Figure 7c (right). Se 
Schematic connec- =e 
tions of mho unit in oe Am 
phases 1-2 “y 


mms ite 
Figure 7d (below). ol 
Schematic. comes | ge * ay 
tions of ohm unit in a 

Lies 


phases 1-2 


ten per cent and ten one per cent taps, so 
that one per cent steps can be obtained. 

Apart from its suitability for this appli- 
cation, the mho unit has the great ad- 
vantage over the chm unit of the con- 
ventional distance relay of not requiring 
a directional unit, since it is itself direc- 
tional. On long lines, where arc resistance 
is not a large percentage of the total im- 
pedance, its accuracy for distance meas- 
urement is as good as that of a reactance 
or an impedance unit, and it is less likely 
to operate on loads and swings than 
either unit. 

On the Kansas—Nebraska line ¢=72 
degrees for faults on the line, and for a 
fault at the end of the line there would be 
very little collapse of the voltage triangle, 
because most of the impedance is in the 
line, so that o is about 115 degrees. Con- 
sequently, the ratio of the ohmic reach 
of the mho unit on three-phase faults to 
its reach on phase-to-phase faults is 


Three-phase-reach 


Phase-to-phase reach 
_ sin 120° cos (115°-72°-30°) 
~ sin 115° cos (120°~72°-30°) 
_ 9.866 X 0.974 - 

0.906 X0.951 


98 


ELECTRICAL ENGINEERING 


Figure 8. Over-all relay characteristics 


In other words, the reach on three- 
phase faults is approximately the same 
as on phase-to-phase faults. 

In order to provide fast operation on 
three-phase faults close to the station, 
the polarizing potential coil of the mho 
unit is made resonant, so that, when the 
line potential is suddenly reduced to sub- 
stantially zero by the fault, the potential 
across the relay winding is maintained 
long enough to insure reliable operation. 
The connections of this circuit are shown 
in Figure 7c and are the same as are used 
in the standard GCX distance relay. 


The Impedance Unit 


The impedance unit is of the eight-pole 
induction-cylinder design (see Figure 7a), 
three of the poles producing current- 
operating torque and three producing 
potential restraining torque. 

The windings on the three current poles 
are in series, but the middle pole has a 
copper sleeve, so that its flux is out of 
phase with that of the other two poles 
and hence produces torque. A similar 
method is used in the potential circuit 
where the middle pole is dephased by a 
series resistor. In the appendix, it is 
shown that this arrangement produces 
a steady torque, irrespective of the angle 
between the pole fluxes. 

The induction-cylinder construction 
not only provides a high-torque low- 
inertia device, but it also has a pickup and 


dropout which are very close together ; 
this is advantageous in a fault detector 
for very long lines where there is little 
distinction between the system impedance 
during load, swing, and fault conditions. 

Its operating torque is proportional to 
the current squared, and its restraining 
torque is proportional to the adjacent 
voltage squared, so that the relay oper- 
ates when the system impedance falls 
below its calibration. The pickup is in- 
dependent of phase angle within four per 
cent, because of the steady torque of the 
induction cylinder. 

Since the relay has only one current 
circuit, the reach on three-phase faults is 
15 per cent more than on phase-to-phase 
faults, but this is of no consequence, 
because this unit controls the operation 
of carrier and time backup protection and 
hence need not be accurate. 


The Ohm Unit 


The ohm units are the same as that of 
the standard reactance-type distance re- 
lay, see Figure 7a, except that one is 
arranged to measure the 20-degree and 
the other the 30-degree component of im- 
pedance, instead of both measuring the 
reactive component. The change from 
the standard ohm unit was accomplished 
simply by changing the constants of the 
potential circuit to obtain the desired 
phase angle. 

Each unit has four double-current 
windings arranged as in Figure 7d, so as 
to create a magnetic flux between the 
front and back poles of the unit. The 
left-hand pole has a potential winding 
whose phase angle is adjustable by a series 
resistor between 70 degrees and 55 degrees, 
so that the relay characteristic can be 
adjusted for maximum torque between 
20 and 35 degrees. The right-hand pole 
has another double-current winding which 
is shifted 90 degrees in phase from the 
first by a floating secondary winding 
having a parallel capacitor and resistor. 

The current flux from the front and 
back poles reacts with the flux from the 
right-hand pole to create an operating 
torque K(I,;—J»2)? where J, and J, are the 
currents in the double-current windings 


235" 9a 
f ie Figure 9. Circuits of carrier 
GD o{ ia ee Ril] Isu. relays for long transmission 
ret ck 2A [eB [2c fc, ee 2 
Cc lines 
Mx val Mal ==} 
ae | ZA |ZB/ZC 
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x RA 1 
ee SC TU 
RB TU ? : 
Sc Figure 9a (left). D-c and trip- 
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of the relay associated with phases 1 and 
2. It also reacts with the flux from the 
potential pole to produce a restraining 
torque Er(I;—J2) cos (p—A) where A is 
the angle for maximum E/ torque. 

At the balance point the two torques 
will be equal so that Ey, cos (6—A)= 
K(\—J:), but Ey= Fi — E,=(—-1h)Z, 
where Z is the impedance of a line con- 
ductor between the relay and the fault, 
therefore, Z,; cos (6—A)=K. K is ad- 
justable by means of a transformer with 
one per cent taps. 

The two ohm units in each phase have 
their contacts in series and are polarized 
in opposite directions (the 20-degree unit 
operates on incoming Ky and the 30- 
degree unit on outgoing Ky) so that the 
system impedance has to be. between their 
characteristics in order to turn’on- carrier 
or to trip (see Figure 6). 


Timing Unit 


The timing unit is controlled by the 
same relays that control the carrier and 
is of the same design as used in the stand- 
ard distance relay. It provides a short 
time delay for faults in the protected zone 
in case the carrier tripping is inoperative 
and a longer time delay for faults in the 
low-voltage windings of the transformer, 
and, during minimum generation at the 
other station, the third zone may reach a 
short distance into the system beyond the 
power transformer at the other station. 

The speed of the timing unit is con- 
trolled by a centrifugal friction governor 
(see Figure 7b). A d-c solenoid winds up 
the spring which operates this unit. Two 
adjustable insulated contact arms close 
the intermediate and backup time con- 
tacts. The timing scale is graduated in 
tenths of a second up to three seconds. 
A time setting is made easily by loosening 
a knurled nut on the main shaft and set- 
ting the contact arms. 


Ground Relays 


The relays and connections for ground 
faults is the same as in the standard 
carrier-pilot relay scheme, except that the 
overcurrent tripping relay was made 
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Figure 9b. Carrier control circuits 
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directional, thus eliminating an extra 
directional relay. The blocking unit is a 
plunger overcurrent unit which operates 
in a fraction of a cycle to remove nega- 
tive bias from the grid of the oscillator 
tube in the carrier transmitter (see Figure 
9b) and thus starts carrier, The tripping 
unit is an eight-pole induction-cylinder 
unit with alternate poles provided with 
a copper sleeve to lag their flux, so that 
a torque can be produced. An induction 
unit is used for the tripping function, 
because it is least liable to trip undesir- 
ably on transient conditions. 


Transformer Differential Relays 


These are the standard high-speed type 
HDD relays with harmonic restraint 
which were described in a previous 
paper.* Because of the absence of break- 
ers on the line side of the transformers, 
it was necessary to provide a means of 
tripping the breaker at the other end for 
a transformer fault. This was done by 
arranging the differential relays to close 
a three-phase grounding switch on the 
154-kv line which creates a fault and 
causes tripping at the other end. 


Reclosing Relays 


After the breakers at each end of the 
line have been tripped, they can be re- 
closed in four different ways: 


1. Manually using the synchroscope. 
2. Manually by automatic synchronizing. 


3. Automatically with instantaneous or de- 
layed reclosing. 


4. Automatically with automatic 
chronizing. 


syn- 


Figure 10 shows a detail of the reclosing 
circuit. Manual closing is done by clos- 
ing the manual control switch (CSW) and 
the synchronizing switch on the right of 
Figure 10. Automatic synchronizing is 
initiated by turning switch 43 to position 
S; then the contacts 25 of the automatic 
synchronizing relay (type GES) will 
energize the reclosing circuit, provided 
that the voltage check relay 83 has 
operated, closing contacts 83X of its 
auxiliary relay. 

In normal automatic operation it is 
customary to set the switch 43 at the 
position marked R and S at each end of 
the line. This provides one immediate 
reclosure at both ends of the line through 
the instantaneous step of the type AC-1 
reclosing relay; this reclosure is made as 
fast as possible by connecting the initiat- 
ing relay 79X in parallel with the trip 
coil, so that the timer is started at once, 
and the closing coil will be energized as 
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Figure 10. D-c connections of automatic re- 
closing circuit 


soon as the breaker b switch is closed. 
If the fault persists and one end recloses 
first and energizes the line, the voltage- 
checking relay 83 at the other end oper- 
ates; this opens contact 7-8 of 83X and 
transfers the control to the automatic 
synchronizing relay 25. Similarly, if only 
one end trips, the other end can only 
reclose through the synchronizing relay 
a5 

A number of combinations are possible: 
for instance, one end may have the selec- 
tor-switch 43 set to R and the other to S, 
so that one end recloses at once and the 
other through the synchronizer, and, of 
course, the two may be interchanged. 
If both ends are at R and have similar 
AC-1 time settings, immediate reclosure 
will occur at both ends three times unless 
the breaker stays in after the first or 
second reclosure; different timer 
settings only the early end will reclose 
immediately. Other combinations are 
R with R and S, S with R and S, and S 
with S. Three reclosures are provided 
by the type AC-1 reclosing relay at ad- 
justable intervals, the maximum  set- 
ting being three seconds; after the third 
reclosure the reclosing circuit is locked 
out. 


with 


The type GES automatic synchronizing 
relay 25 gives the closing indication to the 
circuit breaker slightly in advance of 
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Figure 11. Connections of voltage and syn- 
chronism check relays 


Warrington—Protective Relaying 


synchronism, in order to effect closure of 
the breaker contacts at the moment 
of synchronism, regardless of the amount 
of frequency difference, unless it is ex- 
cessive, in which case it will not give the 
closing indication. The angle of advance 
at which therelay functions is proportional 
to the slip frequency. The relay was de- 
scribed in detail in a previous paper.* 


Reactor Control 


In order to control voltage on the 154- 
kv line three 5,000-kva three-phase shunt — 
reactors were provided at each end of the 
line which are connected automatically 
to the power transformer tertiary winding 
whenever overvoltage occurs or when the 
terminal breaker is opened. A short 
time delay is provided to avoid switching 
in the reactors during transient voltage 
disturbances resulting from line switching 
or from faults on the line. 


Phase Faults During Heavy Load 
Conditions 


Before the relay equipment was 
shipped, it was tested thoroughly on an 
artificial transmission line in the factory. 
These tests revealed that the directional 
properties of the mho units could not be 
relied upon above a certain value of toad, 
that is, above a certain value of 6, the 
angle between the electromotive forces 
at the two ends of the line. This is 
caused by the fact that the voltage at 
the far end of the line controls the phase 
angle of the fault current, while the phase 
angle of the relay characteristic is con- 
trolled by the voltage at the near end. 
The fault current may therefore be far 
from the maximum torque angle of the 
relay and can be shifted still farther by 
the collapse of the voltage triangle on a 
nearby fault until it is near the zero 
torque position. Finally the super- 
position of the load or swing current 
actually may cause reverse torque, so 
that the mho unit may trip for a fault on 
the other side of the local transformer. 

The likelihood of wrong tripping in- 
creases with the angle @ between the 
voltages at the ends of the system. With 
a bus fault the restraining torque of the 
mho unit is zero, so that it acts as a 
directional relay, and the conditions for 
wrong tripping can be expressed in terms 
of the components of current in the direc- 
tion of maximum torque of the relay. 

These expressions are derived in the 
appendix; they show that 6=48 degrees 
is approximately the maximum separa- 
tion that can exist without causing wrong 
operation of the mho unit on incoming 
load. The phase 1-2 relay goes wrong 
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Ia3 
MAX 
TORQUE 
Figure 12. Vector diagram of bus fault with 
outgoing power 


for a phase 2-3 fault; the other relays 
require more separation to make them go 
wrong. 

Since power transfers in excess of this 
are expected, it was necessary to seek a 
solution. The solution to this difficulty 
was the addition of a polyphase direc- 
tional-relay type CAPI15A with its con- 
tacts arranged to supervise those of the 
mho unit. This relay has a torque pro- 
portional to the arithmetical sum of the 
70-degree lagging components of the 
positive-sequence and negative-sequence 
volt-amperes and was described in a 
previous paper.® 

The CAP relay operates correctly under 
these conditions of a bus fault for load 
conditions causing up to 6=85 degrees. 
The maximum loads expected would give 
6=53 degrees, so that an adequate mar- 

Under 
of course, possible to 


gin is provided. power-swing 
conditions it 1s, 
have more than 8&5 degrees displacement, 
but such a separation could only be 
reached during the reclosing period and 
would require a permanent fault; other- 


wise the tripping condition could not 


TORQUE 


Figure 13. Vector diagram of bus fault with 
incoming power 
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occur, While it was found possible to 
take care even of this condition, by means 
of a negative-sequence directional relay 
with a closing mechanical bias to permit 
operation on three-phase faults, yet it 
was regarded as a very improbable coin- 
cidence, and it was decided that even 
the CAP relay might never be called upon 
to prevent wrong operation, 


System Tests 


The calculated settings of the relays 
were checked very closely by their be- 
havior during the system tests which 
are described in a companion paper. 
Internal and external faults were applied 
with zero power exchange and with the 
interconnection loaded approximately to 
its stability limit, all relay operations 
were correct. 


; 


Conclusions 


The magnitude of the input impedance 
of a transmission line is always a reliable 
basis for locating faults, but, as the 
length of the line increases, impedance 
magnitude becomes less reliable for dis- 
tinguishing between load and fault con- 
ditions. Fortunately, however, there is 
at the same time an increasing difference 
in phase angle. 

Distinction by angle has the advantage 
that the degree of system separation for 
tripping can be controlled accurately and 
can be effected without delay. 


Symbols 


V,=generator electromotive force at 
sending end 
V,=generator electromotive force at 
receiving end 
V,, Vp=terminal voltages at A and B 
A, B=relay locations on transmission line 
6=angle between terminal voltages 

V, and Vz 

6=angle between generator electro- 
motive forces, V, and V, 

a=angle between V, and V, 

8=angle between V, and V, 

o=angle between polarizing and re- 
straining potentials on the mho 
unit 

Y=angle between V, or V, and load 
component of current 

A=angle between V, or V» and fault 
component of current 

¢=power-factor angle of input im- 

1 x 


R 


pedance looking into line = tan 


The following symbols are used on the 
diagrams: 


M—Mbo unit (phase directional unit) 
O—Ohm unit 
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A, B, C refer to the phases, 


Figure 14. Relay panel 


Z—Impedance unit 
R—Receiver relay 
T U—Timing unit 


MX—Mbho-unit auxiliary relay 


RA—Receiver auxiliary relay 
RB—Out-of-step blocking relay 
G—Ground-fault detector 
GD—Ground directional relay 
GB—Ground backup relays 
SJ—Seal-in relay 
TR—Carrier-test relay 
7S—Carrier-test switch 
SC—Carrier on-off switch 
T—Target 


Z4, 2B, 2G 


for example, 


1, 2,3 refer to the zone of time or impedance, 


for example, O01, Oo, Oz, 71, 72, T. 


25—Synchronizing relay 
43—Transfer switch 
43]—Inspection transfer switch 
52—Circuit breaker 
79—Reclosing relay 
83—Voltage checking relay 
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86—Lockout relay 
X, Y, Z—Auxiliary relays, suchas 88X or 
TOY 


Appendix 


The mho unit has zero voltage restraint 
during a bus fault involving more than one 
phase and therefore acts as a directional 
relay under that condition. The torque due 
to the swing current is Jy cos y where wy is 
the angle measured from Js to the maximum 
torque position. The torque due to the fault 
current is Ty cos \ where 2 is the angle 
measured from Jp to the maximum torque 
position. 

The following is an approximate analysis 
intended more as an explanation than 
as a rigid proof. The rigid analysis is ex- 
tremely long and involved. 

Referring to Figure 2, and assuming 
Vs=Vr=V and that a 2-3 fault causes no 
drop in Yi 


V u V 2 Vp cos YU 2) 
Ss Sg as Ts % cee 
A COS 9 Qa a5 B 9 


Then, using values of Z4 taken from the 
system impedance circle for Vs=Ve, 
Iis= 


V 6 
0S: = 
ate 


Za cos (@—a) 


at the end with outgoing power or 


Vv 6 
COS = 
2 


z 
B COS for 


at the end with incoming power. 
to Figure 12, with outgoing power 


Referring 


P 6 
V cos = 
9 


z cos (° 
eas B 


The fault current is /3Vs/2Zs, from 
the sending end to a relay at B, and it is 
/3Vr/2Zpra from the receiving end to a 
telay at A. The total relay torque is 
Voor (I's cos ¥+I cos X) where V;,; is the 
polarizing potential of the unit, so that the 
relay trips when Js cos Y+J>p cos 2 is posi- 
tive. The unit has maximum torque when 
the current is 30 degrees leading the polariz- 
ing potential, so that y or \ are 30 degrees 
less than the angle between Js or J» and 
the polarizing potential. 

If one refers to Figure 13, treating counter- 
clockwise angles as positive 


€ 


Lo ee) 


Thos = —Is15 Ai 18 = 


Yi2= 7 —60° 

An = —90°+4+6—a—60°+180° 
=0+%¢—a+30° 

Similarly 


Ws = 180° + y —60°+90° = y — 150? 
ds, = 180° +¢6+6—-—a—60°+90° 
=§+¢—a+120° 
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The 2-3 relay has no swing component, 
because Ing = —'/sI15; therefore [23 —I35=0. 
But 


dos = 180° —90°+46+0— a —60° —90° 
=0+¢—a+120° 


Hence, with outgoing power, the relay 
will trip in any phase where one of the 
following expressions is positive: 


Relay 1-2: K cos (y—60°) + 
cos (¢+0—a+30°) 


The expression for phase 2-3 has no load 
term, because the load components in the 
faulted phases are in phase and hence cancel 
out. In the case of phase 1-2 with incoming 
power the swing component becomes posi- 
tive and tends to trip when 6 exceeds 90 
degrees, and the fault component tends to 
trip when @ exceeds 45 degrees. In phase 
3-1 the load component always tends to 
trip and the fault component to open the 
mho-unit contacts. 

With outgoing power both the swing com- 
ponent and the fault component in phase 
1-2 tend to prevent tripping. In phase 3-1 


ZR 


cos (6+0—a+120°) 
ZRra 


Relay 2-3: 


Relay 3-1: K cos (y—150°) + 
cos (6 +4—a+120°) 
ZRA 


where 


6 
4/3 cos . 


1S ae 
0 

Zs cos (=o) 
Dy 


Referring to Figure 13, in a similar man- 
ner, with incoming power, that is, consider- 
ing the B relay 


Yi2= y —60° 


d12 = 180° —90°+4—0+8+30° —90° 
=¢—9+6+30° 


Here again Jo3;=0 and 
dos = —90°+6—0+8+30°+180° 
that is 
3 =%—-0+8+120° 

Likewise 
Ws1 = —180° —y+30° = y—150° 
and 


Xs1 = 180° —90° ++¢—-8+6+30° 

=o¢—0+6+120° 

Hence, the relay will trip in any phase 
where one of the following expressions is 
positive: : 
Relay 1-2: K cos (y—60°)+ 

cos (¢—6+8+30°) 
ZB 


s (p—9 PAVE 
Relay 2-3: ces er are wi) .) 


ZsB 
Relay 3-1: K cos (y—150°) + 
cos (6—8+8+120°) 
Zar 


where 
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the swing component tends to trip and the 
fault current to prevent tripping up to 
6=90 degrees. 

The worst of these cases is the first one, 
phase 1-2 with incoming power. The 
Midian relay trips when there are 30 de- 
grees between the station voltages, that is, 
6=30 degrees, and 6=48 degrees. From a 
chart similar to Figure 6, y=180 degrees 
and Zs=620 ohms. This is checked as 
follows: 


cos (6—0+6+30°) 
Zsp 
4/3 cos 24° cos (180° —60°) 
620 cos 15° 
cos (72° —48°+8°+30°) 
370 

V/3 X0.914 X(—0.5) _ 0.47 
~ 620 X0.966 370 
= —0.00132 +0.00127 = —0.00005 


K cos (y—60°) + 


This shows that the actual point of failure 
is slightly more than 6=48 degrees. It is 
not worth while checking with a slightly 
larger value however, because only a slight 
oscillation would be necessary to reach the 
larger value. 

During the system tests double-ground 
faults were applied on the 66-kv and 132-kv 
busses at each end of the line with both in- 
coming and outgoing power up to 35,000 
kva, and no wrong operations of the mho 
units were observed. It was not possible 
at the time to repeat these tests to check the 
calculated threshold values. 
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¢ Git mpregnated-Paper High-V oltage 


Condenser Bushings for Circuit Breakers 


and Transformers 


H. J. LINGAL 
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Synopsis: For many years shellac or syn- 
thetic-resin-coated paper has been used in 
winding condenser bushings. Two years ago 
work on the development of oil-impregnated- 
Paper condenser bushings was undertaken. 
When a shortage of shellac was imminent be- 
cause of the war, effort to complete the de- 
velopment was greatly increased, resulting 
in its being completed well ahead of the date 
originally set. Manufacturing processes and 
impregnating treatments were developed 
and bushings built and tested. The proc- 
esses and treatments are described, and the 
data obtained from tests on representative 
bushings are given. 

Complete interchangeability for trans- 
former and circuit-breaker bushings has 
been obtained for current apparatus de- 
signs in the voltage ratings in which the 
bushings are produced. To a large extent, 
the new bushings are also interchangeable 
with bushings of older design in the same 
voltage rating. The entire insulating por- 
tion of the bushing is enclosed in porcelain 
and metal and this enables the bushing to 
be held in storage without special provi- 
sions for keeping it dry. 

The oil-impregnated-paper condenser 
bushings, built for voltage ratings 92 kv to 
230 kv, are susceptible to careful control of 
quality in the processing operations. Ex- 
ceptionally consistent performance and high 
dielectric strength are obtained. Con- 
sistently low power-factor readings on both 
hot and cold bushings were obtained. 
Radio-influence voltage measurements were 
below proposed standards. 


ONDENSER-TYPE high-voltage 

bushings 92 kv and above are being 
built with insulating cores of uncoated 
high-grade paper wound on the con- 
ducting stud and impregnated with low- 
viscosity insulating oil. Previously, the 
condenser elements were wound from 
paper coated with adhesive material 


Paper 43-54, recommended by the AIEE commit- 
tees on electrical machinery and protective devices 
for presentation at the AIEE national technical 
meeting, New York, N. Y., January 25-29, 1943. 
Manuscript submitted November 27, 1942; made 
available for printing December 29, 1942. 


Hy J. Lancay, H. L. ‘Core, and T. R. WatTTs are 
electrical engineers with Westinghouse Electric and 
Manufacturing Company, Mr. Lingal and Mr. 
Watts in the switchgear engineering department in 
East Pittsburgh, Pa., and Mr. Cole in the trans- 
former engineering department in Sharon, Pa. 


The authors acknowledge the assistance of G A. 
Burr of the switchgear engineering department in 
design work on the bushings and preparation of the 


paper. 


June 1943, VOLUME 62 


Pith COLE 


MEMBER AIEE 


T. R. WATTS 


MEMBER AIEE 


such as shellac or one of the synthetic 
resins, 

The condenser construction is old in 
the art of bushing manufacture. Its 
ability to withstand both current and 
voltage surges has been demonstrated 
amply by its use for more than 30 years 
in both high- and low-voltage bushings. 
Therefore, the theory of bushing-con- 
denser design is not repeated in this paper. 

The oil-impregnated-paper condenser 
bushings retain the known advantages 
of uniform voltage gradient, high-ca- 
pacitance potential tap, mechanical 
strength, and small external diameter. 
From these features accrue other values 
such as small diameter and high efficiency 
of current transformers and the possi- 
bility of securing the maximum of inter- 
changeability between both new and old 
circuit-breaker and transformer bushings. 
Complete interchangeability has been 
attained between transformer and cir- 
cuit-breaker bushings of 92-kv and 
higher-voltage ratings in current pro- 
duction, and, although the new oil- 
impregnated bushings cannot be made 
interchangeable with all old bushings, 
they can replace older designs to a 
greater extent than has been possible 
heretofore. 

The development of oil-impregnated 
condenser bushings, although acceler- 
ated by wartime conditions, has been 
planned for several years. Plastics and 
oils were studied. A low-viscosity oil 
was selected to prevent formation of voids 
within the condenser at extreme winter 
temperatures and to facilitate the im- 
pregnation process, and also because of a 
slight superiority in electrical properties 
of the impregnated paper.*” 

The insulation in condenser bushings 
under normal service voltage to ground, 
is worked at an average potential stress 
of less than 50 rms volts per mil. In the 
60-cycle withstand test, the gradient is 
approximately 200 volts per mil. Under 
surge conditions, with a 1.5 by 40-micro- 
second full wave, at the basic impulse 
level, the stress may reach an average 
value of 450 crest volts per mil of insula- 
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tion thickness for a few microseconds. 
Steep-front surge flashovers have been 
made in the high-voltage laboratory,!~* 
in which the average stress at the time of 
crest voltage was just under 1,000 volts 
per mil, 

The voltage gradients in these bushings 


are relatively low compared with those 


in other applications of oil-impregnated 
paper insulation. J. B. Whitehead* has 
published accelerated-life-test results for 
voltage stresses starting at 400 rms volts 
per mil and increasing 3.12 per cent every 
four hours until failure. The average 
failures occurred at about 715 volts per 
mil, after about 75 hours, in samples 
comparable to a single layer or step of a 
condenser bushing wound with 0.005- 
inch paper. The bushing condensers 
have an added advantage of being wound 
from a wide sheet of paper instead of 
from narrow strips of tape (except that, 
in the larger sizes, the inner layers more 
than 100 inches long are helically wound 
from paper tape). 

In paper-insulated  oil-impregnated 
cables,® in the same standard voltage 
ratings as these bushings, the normal 
operating stress is approximately 140 
rms volts per mil. Foust and Scott? 
show that such insulation breaks down at 
1,300 to 2,000 crest volts per mil on im- 
pulse voltage tests using a 1.5-by-40- 
microsecond wave. 

In oil-impregnated paper capacitors, 
using capacitor paper and thinner in- 
sulating walls, continuous 60-cycle rms 
gradients of: 250 to 300 volts per mil 
have been used and intermittent d-c 
gradients up to 1,000 volts per mil. 

This experience and test data, sub- 
stantiated by other laboratory tests 
omitted for brevity, indicate a large 
margin of insulation strength in the con- 


denser, even when stressed with the 
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Flashovers occurred sometimes on the gap or bush- 
ing alone, but generally the flashover occurred on 
both bushing and gap. 
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1—Adapter cap 
9—Nut with lifting 


lugs 
22 3—Spun copper. 
23 Differential expan- 
24 sion taken up by 
flexing 
4—Brazed 
5—Pipe plug sol- 
dered over 
6—Steel shell 


7—Gauge for de- 
termining spring set- 
ting 
8—Coil-spring as- 
sembly places pres- 
sure on all gaskets 
for upper and lower 


porcelains. Six 
springs 
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10—Connection for 
fished-through lead 
for transformer 
11—Asbestos Neo- 
prene gasket 
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most severe surges where the average 
gradient was 1,000 volts per mil. 
Successful production of oil-impreg- 
nated-paper bushing insulators requires 
carefully developed and controlled manu- 
facturing processes and treatments. At 
the same time, this construction is re- 
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move gauge 
96—Asbestos Neo- 
prene gasket 


sponsive to careful control and treatment 
during production, resulting in a more 
uniform product than has been obtained 
heretofore. A large part of the equip- 
ment previously used for winding con- 
densers from coated paper has been 
adapted, with minor changes, to produc- 
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27—Cork Neo- 
prene gasket 
28—Upper oil cham- 
ber 
99—Upper por- 
celain 
30—Gauge dial and 
pointer assembly can 
be easily replaced 
31—Copper foils 


32—Ojl - impreg- 
nated condenser 
Coil-filled kraft 
paper) 
33—Voltage tap 
band 
34—Voltage tap 
connector 
35—Ground foil 
band 


36—Gap electrode 
37—V oltage tap 
socket 
38—Porcelain 
39—Name plate 
40—Sampling valve 
and tubing 
41—Steel flange 


Figure 1.4 Typical outline of oil-impregnated condenser bushing 


49—Bevel ring and 
asbestos Neoprene 
gaskets for circuit 
breaker 
43—Small hole— 
connecting passage 
between upper and 
lower oil chambers 
44—Asbestos Neo- 
prene gasket 
45—Cork Neo- 
prene gasket 
46—Lower por-. 
celain 
47—Lower 
chamber 
48—Cork Neo- 
prene gasket 
49—Asbestos Neo- 
prene gasket 
50—Drain plugs 
51—lFf this bushing 
is used as replace- 
ment of different 
style bushing, use 
the static shield or 
ball from the re- 
placed bushing 


oil 


tion of the oil-impregnated condenser. 
Equipment for vacuum drying and de- 
gassing the bushings has been specially 
developed for this purpose. Oil condi- 
tioning and handling equipment likewise 
is new (Figure 2). 


Bushing Construction 


Figure 1 shows typical construction of 
the oil-impregnated condenser bushings, 
which are built in ratings of 92 to 230 kv 
inclusive. The conductor is a copper 
tube upon which the paper condenser is 
wound and serves as a stay bolt holding 
the entire assembly together under 
pressure of compression springs in the 
cap. 

The stud or lead (the copper tube) is 
prepared by straightening, shot blasting, 
and coating with an adhesive material. 
Bare Kraft paper 0.005-inch thick, having 
a density of 0.82 maximum-—0.67 mini- 
mum is wound on the stud to the specified 
diameter. During winding, at precal- 
culated diameters, coated copper-foil 
sheets are inserted to provide a series of 
concentric condensers. Each foil is 
coated on both sides with thermoplastic 
adhesive which binds the foil to the ad- 
jacent layers of paper, and the condenser 
at intervals of approximately every 
quarter inch increase in diameter. When 
the specified number of condenser layers 
has been wound, a layer of paper treated 
with adhesive is wound on the outside to 
bind the condenser structure securely. 
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During the winding operation, the paper 
is heated to 165 degrees centigrade +5 
degrees. centigrade and rolled under 
tension and pressure. It is then machined 
in the same manner as the shellac Micarta 
condenser which it supersedes. 

A steel sleeve is pressed on the ma- 
chined condenser and connected electri- 
cally to the outer foil. This sleeve pro- 
vides a means for attaching and mounting 
the condenser to the bushing flange, 
allowing limited movement longitudi- 
nally and rotationally between the con- 
denser and the flange, as required for 
building and for differential expansion 
and contraction. A fabricated steel 
flange with provision for a potential tap 
insulator and oil-sampling valve supports 
the porcelains which encase both the 
lower and upper ends of the condenser. 
Gasketed joints with mechanical stops 
are provided between the porcelain and 
metal members. The pressure on all 
gaskets is equal and is obtained from 
springs within the cap. The condenser, 
being permitted to move longitudinally 
through the flange, within controlled 
limits, permits use of the same springs 
to provide pressure on all of the gaskets. 
All joints in the enclosing parts of the 
bushing, except the gasketed joints 
adjacent to the porcelains, are made by 
silver-alloy brazing or by soldering. 

It was found during the impregnating 
period, when bushings are subjected to 
hot oil under pressure forseveral days, that 
many castings would show leaks, even 
several days after the treating operation 
began. Therefore, all metal parts of the 
bushing which- form oil seals are now 
made from sheet or fabricated material. 
The insulating condensers are enclosed 
completely in metal and porcelain so as to 
remove all possibility of moisture ab- 
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Figure 2. Schematic diagram of bushing 


impregnating equipment 


sorption at any time. Oil-level indication 
is provided by a magnetic-type gauge 
soldered into the side of the cap. A valve 
is provided in the flange for obtaining 
oil samples, if required, and removable 
plugs in the bottom and top of the bush- 
ing permit draining or refilling. 


Processing of Bushings 


The assembled bushing is sealed and 
tested for leaks with an internal air 
pressure of 20 pounds per square inch 
and the complete bushing immersed in 
water for 30 minutes. During the test 
there must be no evidence or appearance 
of bubbles caused by escaping air. To 
expedite drying during the vacuum proc- 
essing, the bushing is baked for approxi- 
mately 12 hours at 95 degrees centi- 
grade + 5 degrees centigrade immediately 
before being connected to the treating 
system. During processing, the bush- 
ing is mounted on a support as shown 
in Figure 2, and steam at 120 degrees 
centigrade (approximately 14 pounds per 
square inch gauge pressure) is admitted 
to the inside of the copper tube on which 
the bushing is wound. The top end of 
the tube is closed and sealed. The steam 
gives off heat to the bushing, and con- 
densation occurs within the copper tube 
and is removed from the system through 
a suitable trap. Connection is made to 
the vacuum system at both the top and 
bottom ends of the bushing. An ab- 
solute pressure of less than 5 millimeters 
of mercury is obtained within the bush- 
ing. The drying treatment is continued 
under high temperature and low pressure 
until degassing is complete and the power 
factor does not exceed 0.004. When this 
condition is obtained, a low-viscosity 
insulating oil, previously conditioned 
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by heating and degassing, is admitted 
to the bushing at the lower end and 
permitted to rise until the bushing en- 
closure is filled completely,  Pres- 
sure is then applied to accelerate com- 
plete saturation of the condenser with oil. 
Saturation is tested by reading the capaci- 
tance of the bushing with a Schering 
bridge and noting when no further in- 
crease occurs. It has been found that 
the fully treated bushing capacitance in 
creases approximately 44 per cent over 
the dry bushing capacitance. 


Mechanical Tests’ 


Mechanical tests were made on a 
sample bushing to demonstrate ability to 
withstand handling, transportation, and 
service abuses. They are reported in 
detail in the appendix. 


Electrical Tests 


Electrical tests made on bushings of two 
voltage classes are reported in this paper. 
The first was a 196-kv 1,200-ampere 
experimental bushing. This bushing 
differed from standard in two respects: 


1. There was no potential tap. 


2. The lower porcelain was nine inches 
shorter than standard. 


The short porcelain was used to avoid 
delaying tests while waiting for the 
standard porcelain of the new design to 
be manufactured. 

The second bushing tested and de- 
scribed in this paper was rated 138 kv, 
1,200 amperes. It was of standard de- 
sign and materials in all respects. 

Test results are given on these two 
ratings of bushings, because 138 kv is the 
most widely used transmission voltage, 
and 196-kv bushings are used on 230, 
196-kv apparatus where they are sub- 
jected to the 230-kv system voltage. 

Electrical tests were made to deter- 
mine if the bushings would meet all 
AIEE, National Electrical Manufacturers 
Association, or other electrical require- 
ments. After these requirements were 
satisfied successfully, tests were con- 
tinued for the purpose of obtaining 
information on the reserve insulation 
strength. An unusually large reserve 
was shown in both bushings, as indi- 
cated in the complete test results given 
in the appendix, but summarized in the 
following paragraphs. 


196-Kv BusHInG TESTS 


Before making high-potential tests, 
power-factor and capacitance measure- 
ments were made at room temperature 
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196-kvy experimental bushing 


flashover curves 


Figure 3. 


Standard rod gap in parallel, 1.5x40-micro- 
second positive wave. 
Approximately 40 flashovers for each curve 


Values of radio-influence voltage that 
are permissible in high-voltage apparatus 
have been the subject of study for some 
years; test methods have been agreed to; 
and considerable data have been ob- 
tained on important apparatus. There 
is still a question as to how far the in- 
dustry can go in requiring low radio- 
influence voltage levels without imposing 
economic hardship. The form of bushing 
here discussed is favorable from the point 
of view of radio interference. This is the 
result of a bushing construction in which 
the insulating material, being completely 
impregnated with oil, is free from voids, 
and the discharges which produce radio- 
influence voltage are minimized. 

One-Minute Dry Withstand Tests, 60 
cycles, 465 kv (AIEE Standard) were 
made at the beginning of, during, and at 
the completion of the high-potential test 


observed program. The bushing did not give any 
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(25 degrees centigrade) and at elevated 
temperature (the entire bushing heated 
to 80 degrees centigrade). The readings 
were: 


25 degrees centigrade—power factor= 
0.0049, capacity =366 micromicrofarads 


80 degrees centigrade—power factor= 
0.0076, capacity =371 micromicrofarads 


Comparative power-factor and capaci- 
tance measurements were made up to 
200 ky, using a high-voltage Schering 
bridge (see appendix). The readings 
taken before and at intervals during high- 
voltage testing showed that the curve 
of power factor and capacitance versus 
voltage was practically flat, and also that 
the bushing condenser was not being 
damaged appreciably by the tests. 

Radio-Influence Voltage measurements 
were taken at 10-kv steps from 160 kv to 
200 kv. No measurements were above 
25 microvolts. The same values were 
read on the test circuit alone and with 
the bushing connected to the circuit. 
It therefore seems obvious that the value 
of radio-influence voltage of the bushing 
was below that of the circuit alone. At 
the conclusion of all high-voltage tests, 
after both porcelains had been destroyed 
and the condenser badly damaged, read- 
ings were taken up to 150 kv. No read- 
ing exceeded 150 microvolts. 
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indication of distress, although both 
porcelains were broken and _ consider- 
able damage done to the condenser before 
the last withstand test was made. 

The Standard Impulse Test for bushings 
of this voltage rating is three shots with 
a 1.5 by 40-microsecond full wave having 
a crest value of 900 kv. After the bush- 
ing was subjected to the standard test, 
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Figure 4. 138-kv bushing flashover curves 


with 43.2-inch standard rod gap in parallel, 
1.5x40-microsecond positive and negative 
waves 
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drop comparable with similar tests previously made 
on samples of earlier types of bushings. 


+ Bottom end rebounded about !/s-inch high after 
each drop of top end. 


t Top end rebounded twice (first bounce #/16 inch) 
at each drop of bottom end. Bottom end also re- 
bounded slightly. 


additional impulse tests were made with 
positive and negative 1.5x40-waves hav- 
ing crest values ranging from 680 kv to 


1,800 kv. A total of 203 impulses was 
imposed on the bushing. The values 
provided volt-time impulse-flashover 


curves shown in Figure 3. Each curve 
represents approximately 40 shots. In 
this set of tests, gaps were used in parallel 
with the bushing for the first 160 tests, 
as indicated in Figure 3. Forty tests 
were then run without a gap. In Figure 
3 these tests are marked ‘‘no gap.” 
When corrected for standard air condi- 
tions, the actual impulse-flashover values 
are indicated by the curve in Figure 3 
marked ‘corrected curve for standard 
air conditions with no gap.’ Three 
1.5 by 40-microsecond negative full-wave 
impulse tests were made. The third test 
broke a skirt of the lower porcelain. To 
conserve the porcelains for additional 
testing, gaps were again installed, and 
77 steep-front impulse tests were made 
having crest values from 1,178 kv to 
1,850 kv. During this series of tests, 
both porcelains were broken. 

The condenser was apparently un- 
harmed at the end of the tests just de- 
scribed. It was then removed from the 
porcelain enclosure and left standing with 
the upper end exposed to air from Friday 
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Figure 5. 138-kv bushing Alashover curves 
with 46-inch special gap in parallel, 1.5x40- 
microsecond positive and negative waves 


Type-O condenser bushing, 41/s-inch diameter 


indicating that the radio-influence volt- 
age was well within any limits proposed 
for bushings of this voltage rating. 

Dry Flashover Tests. After the stand- 
ard AIEE one-minute dry test (335 kv), 
had been made, it was decided to develop 
the dry flashover strength of the bushing. 


Ten flashovers were made from 403 kv 


to 438 kv. 

Wet 60-Cycle Flashovers were made 
following the ten-second wet withstand 
test of 275 kv. Ten flashovers were made 
with voltages ranging from 340 kv to 
369 kv. 

Volt-Time Impulse Tests were made at 


toroid gap the standard value of 650 kv with a 1.5x40- 
a 
" Temperature 
egrees Fahrenheit) Relative Humidity Total 
Barometer} =——————_____—. Atmospheric G rn 
orrection Correction 

Weather (Inches) Dry Wet Density Humidity Factor Factor 
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night until Monday morning. The entire 
condenser was then immersed in a large 
tank of oil and given 40 impulse shots 
_ with a 67.5-inch gap in parallel. Volt- 
ages having a crest value of 1,880 kv 
were attained. This set of tests was 
followed by 25  steep-front impulses 
having a crest value of 1,900 kv. At the 
end of this series of tests, damage was 
indicated in 18 of the 30 steps in the con- 
denser which, however, successfully with- 
stood a 465-kv 60-cycle test for one 
minute. More detailed information is 
given in the appendix. 


138-Kv BUSHING TESTS 


Power-Factor and Capacitance measure- 
ments were made at 13.8 kv with the in- 
verted Schering bridge. The power 
factor was 0.0037, and the capacitance 
was 399 micromicrofarads. High-voltage 
power-factor tests and capacitance meas- 
urements were made with a laboratory- 
type high-voltage Schering bridge. These 
measurements began at 47 kv and ended 
at 150 kv. The power factor at 47 kv was 
0.0035, and the capacitance was 362 mi- 
cromicrofarads. At 150 kv, the power 
factor was 0.0039, and the capacitance 
was 362 micromicrofarads. The high- 
voltage Schering bridge tests were re- 
peated several times during the series of 
60-cycle and impulse tests. No variation 
in these values occurred throughout the 
series of tests, indicating that the condi- 
tion of the bushing at the end of the tests 
was substantially the same as at the be- 
ginning. 

Radio-Influence Voltage measurements 
were made at several voltages up to 150 
kv. No reading exceeded 150 microvolts, 
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microsecond full wave. To obtain 
further data on the actual insulation 
strength of the bushing, additional im- 
pulse tests were made with positive and 
negative waves. A total of 160 positive 
and negative wave impulses were made 
with a 1.5 by 40-microsecond wave, both 
full and chopped, from the results of 
which Figures 4 and 5 were drawn. 
These tests were followed by 180 steep- 
wave-front flashover tests. Crest volt- 
ages ranged from 982 kv to 1,745 kv. 
Additional data on this series of tests are 
given in the appendix. 

The insulation of the bushing was in- 
dicated to be unharmed at the end of 
this series of tests, and the bushing was 
taken to another laboratory for mechani- 
cal tests which are described in the ap- 
pendix. 


Conclusions 


High-voltage outdoor-type condenser 
bushings have been built in which the 
insulation is oil-impregnated paper. The 
bushings are usable and interchangeable 
on either circuit breakers or transformers 
of current design and in nearly all cases 
can be used to replace bushings of earlier 
design. The bushings are assembled 
completely and treated in the factory, 
then permanently sealed before shipment. 
They are designed to pass through bush- 
ing-mounting flange openings and cur- 
rent transformers without the disman- 
tling of any parts, since the entire con- 
denser structure is hermetically sealed in 
metal and porcelain. No special storage 
requirements for protection against 
weather or atmospheric conditions are 
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required. The design provides for emer- 
gency operation of a bushing over a con- 
siderable period of time, even though one 
of the porcelain casings might be broken 
or destroyed. Electrical tests required 
by the industry have been met with a 
wide margin of safety. Very high punc- 
ture strength has been demonstrated by 
the fact that no damage was done to the 
insulating members over a long series of 
electrical tests until after the enclosing 
porcelains had been completely destroyed. 
Power-factor measurements at both room 
temperature and elevated temperature 
are very low. Radio-influence voltage 
measurements were well within limits 
proposed. 

The tests reported in this paper were 
made on new bushings under good con- 
ditions. Bushings in service cannot be 
kept clean at all times and should not be 
expected to maintain continuously the 
high values obtained in these tests. 

Since 1936 the Detroit Edison Com- 
pany has rebuilt a large number of 132-kv 
condenser bushings using the old con- 
densers. Before the rebuilding, the var- 
nish was removed, and the condensers 
were impregnated with insulating oil. 
The satisfactory service record of these 
rebuilt bushings, with the limitations of 
old materials, is convincing evidence that 
the use of oilimpregnated paper con- 
densers is a valuable improvement in 
bushing construction. 

While the construction and processing 
of the rebuilt bushings and those de- 
scribed in this paper are not identical, 
the authors received valuable encourage- 
ment and stimulation from the early 
work done by the Detroit Edison Com- 
pany engineers in rebuilding bushings. 


Appendix 


Detailed Report of Special Tests on 
196-Kv Experimental Bushing 


Test 1—High-Voltage Schering-Bridge 
Tests at 200 Kv. Comparison standard 
capacitor comprising a stack of coupling 
capacitors, as read by 13.8-kv inverted 
Schering bridge; 0.0024 power factor, 642 
micromicrofarads. 

Apparent power factor and capacitance of 
bushing, mounted in large closed-top testing 
tank of oil, at 200 kv, assuming comparison 
standard power factor and capacitance to 
remain constant: 0.00305 power factor, 
297.5 micromicrofarads. 

This reading was rechecked, with insig- 
nificant small variations, at frequent inter- 
vals during the surge-testing program, and 
this served to prove that no appreciable 
damage was being inflicted on the bushing 
condenser by the tests. 

This reading neglects the unknown differ- 
ence between the capacitance of the com- 
parison standard as read by the inverted 
Schering bridge and as used in the conven- 
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tional high-voltage bridge circuit, because 
of the external capacitance to ground being 
included in the former and excluded in the 
latter. 

Test 2—Radio-Influence Voltage Measure- 
ments to 200 Ko. Test made with stand- 
ard radio-influence measurement circuit,*® 
using 220-kv coupling capacitor. 


= 


Applied 60-Cycle Kilovolts 160 170 180 190 200 


Microvolts, with bushing. ..10..25..15..20..15 
System, without bushing....10..25..15, .20..15 


Test 8—Dry Withstand Test, 465 kv, 60 
cycles, one minute—successful. (Schering- 
bridge check test at 200 kv.) 

Test 4—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 50-inch standard rod gap in 


parallel. 680 kv to 1,150 kv at 2 micro- 
seconds. See Figure 3 (40 shots)—success- 
ful. (Schering-bridge check test at 200 


ky.) 

Test 5—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 57!/s-inch standard rod gap 
in parallel. 770 kv to 1,800 kv at 1.2 micro- 
seconds. See Figure 3. (40 shots)—success- 
ful. 

Test 6—Impulse- Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 621/s-inch standard rod gap 
in parallel. 820 kv to 1,650 kv at 2 micro- 
seconds. See Figure 3. (40 shots)—suc- 
cessful. 

Test 7—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave, 671/s-inch standard rod gap 
in parallel. 900 kv to 1,650 kv at 2 micro- 
seconds. See Figure 3 (40 shots)—success- 
ful. (Schering-bridge check test at 200 kv.) 

No damage of any kind to the bushing 
resulted from any of the foregoing tests. 

Test S—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
positive wave without gap in parallel. Ap- 
proximately 40 shots. 940 kv to 1,770 kv 
at 0.75 microsecond. See Figure 3— 
successful. (Schering-bridge check test at 
200 kv.) 

In test 8, a small piece was broken off 
the edge of one skirt near the middle of the 
weather casing. 

Test 9—Impulse-Flashover Curve, kilovolts 
versus microseconds 1.5 by 40 microseconds; 
negative wave without a gap in parallel— 
test not completed. (Schering-bridge check 
test at 200 kv.) 

After three shots, a skirt of the lower por- 
celain was broken by flashover in the tank 
oil, and negative-wave flashover tests were 
discontinued. The standard porcelain for 
this 196-kv bushing is 361/, inches long, but 
to avoid waiting for manufacture of the cor- 
rect porcelain, this experimental bushing 
had been built with a porcelain 27/3 inches 
long. Therefore, performance of this lower 
porcelain was not pertinent. With the 
broken lower porcelain, the testing was 
resumed. 

Test 10—Steep- Front Impulse Test, positive 
wave, 63-inch standard rod gap in parallel. 
Ten shots 1,178 kv (uncorrected). Effective 
rate of rise kv per microsecond=870. 
Flashed on gap. 

Test 11—Same as Test 10 except 1,709 kv 
(uncorrected), and effective rate of rise= 
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3,200 kv per microsecond. Ten shots. 
Fight shots flashed gap and two shots 
flashed both gap and bushing. 

Test 12—Same as Test 11 except 1,850 kv 
(uncorrected)and 3,360 kv. Per microsecond 
effective rate of rise. 57 shots. All shots 
flashed both gap and bushing. 

Noises were heard in the test tank on 36th 
and 37th shots, indicating further shattering 
of the previously broken lower porcelain. 
Bridge readings were taken and found to be 
normal. Testing was resumed on the follow- 
ing day. On the 56th shot, a small piece 
was broken off the top end of the top por- 
celain. The 57th shot was taken, and a 
large piece was knocked out of the upper 
porcelain extending down to eighth skirt 
from the top. Apparently the bushing had 
lost oil because of breakage of lower por- 
celain, since none was found in weather 
casing when it broke. 

The bushing was temporarily lifted above 
the test tank for inspection, and the lower 
porcelain was found badly shattered. 

Bridge readings were taken at 200 kv and 
indicated the condenser to be unharmed. 
(0.0034 power factor; 297.5 micromicro- 
farads.) 

The bushing was removed from the test 
tank. 

The porcelains and flange were completely 
removed and the condenser examined. 
Slight markings were observed on the sur- 
face of the lower end, indicating that after 
the lower porcelain was broken, at least one 
flashover had occurred over the surface 
of the lower end of the condenser. 

The unprotected condenser was left 
standing from Friday night until Monday 
morning with the upper end exposed to air, 
the lower end, from the normal flange loca- 
tion down, was immersed in oil. Without 
further treatment, test 13 was made. 

Test 13—The condenser was suspended on 
a string of strain insulators in a 20-foot- 
diameter oil tank with the outer foil 
grounded. To reduce voltage disturbances 
over the surface of the oil, the cap was used 
as a shield on the upper end of the stud, 
about half of the cap being under oil. The 
condenser was given the one-minute dry 
60-cycle withstand test of 465kv. Results— 
successful. 

Test 14—Still in oil tank, as in test 13, an 
impulse curve, kilovolts versus micro- 
seconds, to flashover was run witha1.5by 40- 
microsecond positive wave and a 67'/,-inch 
rod gap in parallel to 1,880-kv crest. About 
40 shots were taken. The curve corre- 
sponded closely to the curve for the 67!/.- 
inch gap in Figure 3. Results—successful. 

Test 15—With the same setup as for 
test 14, 25 shots were taken with a positive 
wave rising to 1,900-kv crest. Effective 
rate of rise 3,360 kilovolts per microsecond. 
During the series, some bubbles rose, indi- 
cating breakdowns were occurring either 
over or through the condenser insulation. 
On the 21st to 25th shots, the gap did not 
flash. Inspection showed 18 of the 30 
steps in the condenser damaged. 

Test 16—The condenser was again sus- 
pended in the tank as for tests 14 and 15. 
465 kv, 60 cycle was applied for one minute. 
The badly damaged condenser passed the 
regular 60-cycle withstand test. 

Test 17—The condenser was unwound, 
and all the breakdowns were observed to 
have occurred at the ends of the copper foil 
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cylinders, some at the top and some at the 
bottom end. Each breakdown burned 
through or flashed over one to three steps. 
The ends of the bushing had been exposed 
to the air after the removal of the porcelain 
casings. The paper was found thoroughly 
saturated with oil throughout the condenser. 


Detailed Report of Special Tests on 
138-Kv 1,200-Ampere Bushing 


The bushing tested was of standard de- 
sign and materials in all respects. The proc- 
essing equipment for production was not 
completed, and processing was done on 
experimental equipment. Tests as de- 
scribed in the following were made success- 
fully: 

Test 1—Bushing Mounted in Test Tank, 
room temperature: 


(a), 13.2-kv inverted Scher- 
ing bridge 
Capacitance 

(b). High-voltage Schering 


=0.00375 power factor 
=399 micromicrofarads 


bridge 47 kv =0.0035 power factor 
Capacitance = 362 micromicrofarads 
(c). 150 kv =(0.00395 power factor 


Capacitance = 362 micromicrofarads 


Test 2—Dry 60-Cycle Flashovers (corrected 
to standard atmospheric conditions) : 


438 kv—411 ky—438 kv—432 kv—418 kv 
426 kvy—430 kv—416 kv—403 kv—410 kv 


Test 3—Wet 60-Cycle Flashover (corrected 
kilovolts) : 
340 kv—353 kv—353 kv—350 kv—357 kv 
362 kv—369 kv—357 kv—353 kv—359 kv 


Precipitation—0.2 inch per minute 
Water pressure—40 pounds per square inch 
Resistivity—7,000 ohms per inch cube 


Test 4—Schering-Bridge Test to 150 kv. 

Test 5—Time to Flashover Impulse Curve 
with special toroid gap set at 46 inches in 
parallel, to flash at 670 kv, 1.5 by 40-micro- 
second positive wave—40 shots up to 1,200 
kv. See Figure 5. 

Test 6—Time to Flashover Impulse Curve 
with standard rod gap set at 43.2-inch (700 
kv) 1.5 by 40-microsecond positive wave, 40 
shots up to 1,200 kv. See Figure 4. 

Test 7—Same as Test 5 except with nega- 
tive wave. See Figure 5. 

Test S—Same as Test 6 except with nega- 
tive wave. See Figure 4. 

Test 9—Schering-Bridge Test at 150 kv in- 
dicated no damage. 

Test 10—Steep Wave-Front Flashover Tests. 
For typical oscillograph data see Table I. 

Test 11—Schering-Bridge Tests up to 150 
ky, together with inspection, showed the 
condition of the bushing to be the same as 
at the beginning of the test program. 


Drop Tests on 138-Kv 1,200-Ampere 
Bushing 


Bushing horizontal, supported on fulerum 
at one end and motor-operated lifting and 
dropping mechanism at other. Drops 21.5 
times 'per minute (1,290 per hour). See 
Table II. 


Elastic Bending De- 


flection of Bushing At Top End At Bottom End 


(8/s-Inch Drop) of Flange of Flange 
When dropping top 

ends 3.26 are eer ee Vg, diChoe os ae 1/3 inch 
When dropping bot- 

toltt enGsnu. sh bs oe 3/16 inchien 1. oe 1/g inch 
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Synopsis: Analysis of fundamental bases 
of relaying made as part of the engineering 


for the 270-mile 154-kv interconnection be- 


tween systems of Nebraska Power Company 
and Kansas Gas and Electric Company re- 
veals that, of current, phase angle, im- 
pedance, and impedance angle, none alone 
offers satisfactory discrimination among 
open-circuit, short-circuit, and load con- 
ditions. Combination of input-impedance 
magnitude Z and impedance angle 
y=tan~'X/R is studied by means of ‘‘im- 
pedance circle diagrams” of the intercon- 
necting circuit. On these diagrams is 
charted the dynamic behavior of the inter- 
‘connected systems during faults and surges 
of synchronizing power. The desirable 
areas of trip and no trip are mapped, and 
general specifications for the performance of 
relay systems are presented in terms of 
impedance magnitude and angle, Z Zy. 
Thereby full advantage can be taken of all 
possible synchronizing power inherently 
available over the interconnection and at 
the same time faults and approach of out-of- 
step condition can be recognized properly. 


E-EXAMINATION of fundamental 
principles of transmission-line re- 
laying for phase protection and the de- 
velopment of advanced methods for cal- 
culating and specifying relay perfor- 
mance for long lines and interconnections 
have been included in the engineering of 
a 270-mile 154-kv interconnection be- 
tween systems of Nebraska Power Com- 
pany and Kansas Gas and Electric Com- 
pany.! This has led to development of 
new long-line-type relays described in a 
companion paper.” Installation and test 
of these relays under conditions of actual 
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operation are described in another com- 
panion paper.® 

The complete relay requirements for 
this interconnection are quite special, 
because the transmission line is unusually 
long; transformers are connected as parts 
of the line between terminal breakers, 
and automatic instantaneous reclosure of 
circuit breakers is employed to maintain 
synchronism after faults without benefit 
of other parallel ties. 


Bases for Relaying 


As introduction to the problems of re- 
laying this transmission circuit, some of 
the principal bases of modern relaying 
and their applicability to long-line inter- 
connections are reviewed. 


CURRENT MAGNITUDE AND PHASE-ANGLE 
BASES 


Figure 2 indicates as a function of 
length the magnitude of current which 
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may be expected at the sending end of an 
open-wire transmission line with con- 
struction suitable for 154-kv 60-cycle 
operation for open circuit, for a representa- 
tive load, and for short circuit. Study 
of these curves reveals that there is little 
or no hope of attaining discrimination 
between load and short circuit by measur- 
ment of current magnitude on lines much 
in excess of 100 miles in length. This 
virtually rules out consideration of over- 
current relays for long lines. On the 
270-mile line under study, there would be 
absolutely no margin since the current on 
load swings exceeds the short-circuit cur- 
rent for faults at the far end of the line. 
It should be noted also that the line- 
charging current is nearly equal to the 
minimum short-circuit current. 

In this discussion, a representative 
load is assumed to be an impedance equal 
to the characteristic impedance or surge 
impedance of the line,*# Z,= V2/y. 
However, as explained in the paragraphs 
which follow, momentary requirements 
for transfer of synchronizing power be- 
tween large systems easily may result in 
tie-line current considerably greater than 
surge-impedance load and even in excess 
of far-end short-ciacuit current. 

The phase-angle function in trans- 
mission-circuit performance and its rela- 
tion to relaying can be studied conven- 
iently by beginning with the power circle 
diagram representing power input to the 
circuit terminal at the relay location. 
This diagram is plotted in Figure 3 from 
the sending-end power equation 1 

LE BOTW) E 


; Ue 
B (Olas, /(8rs +8) 


Ps 


The form of this equation, and the 
notation used, are explained fully in 
Appendix I. 

The first term of this equation depends 
only upon the circuit constants and the 
voltage /, at the near end or sending end 


Deflection Tests of 138-Kv 1,200- 
Ampere Bushing 


Bushing mounted vertically by its flange. 
Sidewise stress applied, and deflection meas- 
ured to left and to right, seven times each, 
first at top end and then at bottom end of 
bushing. Deflections apparently were en- 
tirely elastic up to 220 pounds maximum 
applied. 


Deflection per 100 pounds side stress: 
Top end—0.00625 inch. Bottom end—0.0052 inch. 


Vibration Test 


Motor with flywheel unbalanced 0.474 
pound-foot, attached to top of bushing, was 
run 84 hours at 1,300 rpm, exerting a cen- 
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trifugal force of 273 pounds, vibrating the 
top of the bushing to a deflection of approxi- 
mately 0.014 inch from the center line. No 
oil leak or other damage resulted. 
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of the circuit and defines the location of 
the center 0’ of the power circle. The 
second term defines the magnitude and 
direction of the radius of the power 
circle. 

When £,<DE,, the power circle radius 
E,E,/B becomes less than £,2D/B, which 
is the distance 0-0’ of the center to the 
origin, then the steady-state side of 
the locus P, lies between the origin 0 
and the center of the power circle 0’. 
With these conditions, the power-factor 
angle 6 lies in the same general direction 
at normal loads as it does for short cir- 
cuits on the line. 

A numerical example will make this 
effect clear. For a line about 150 miles 
long, of uniform symmetrical construc- 
tion and without terminal transformers, 
D=A=0.95 (see Figure 8). Assume 
first that E£,=DE,, which means that 
far-end or receiving voltage is 95 per cent 
of the near-end or sending voltage. This 
is a normal condition. The power circle 
for this condition passes through the 
origin of the diagram (P=0, Q=0). For 
zero power flow (P=0), the power-factor 
angle 6 is indeterminate. For small flow 
of power from the bus to the line (P>0), 
§ is nearly equal to 90—g6+A degrees. 
For a small reverse flow of power (P <0), 
6 is slightly greater than 270—s+A 
degrees. This is a change of nearly 180 
degrees in the value of 6 for a very small 
change in load over the line which may be 
a tie between two systems operating in 
synchronism. 

Next consider what happens upon a 
change in the relative voltage levels at 
the two ends of this same line. Assume 
now that #,=0.90F,. Since E,<DBE,, 
the power circle for this condition crosses 
the vertical axis Q —Q below the origin. 
For condition of no power flow (P=0), 
the power-factor angle @ is 270 degrees, 
meaning that the near-end or sending 
system is supplying reactive volt-amperes 
(—Q) to the line and to the far-end or 
receiving system. 

Assume last that #,=#,. Since 
E,> DE,, the power circle for this condi- 
tion crosses the vertical axis Q —Q above 
the origin. For the condition of no 
power flow (P=0), the power-factor 
angle is 90 degrees, meaning that the 
near-end or sending system is obtaining 
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Figure 1. One-line diagram of interconnection 
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reactive volt-amperes (Q) from the line 
equal to the charging kilovolt-amperes 


_of half the line. 


From this example, it may be seen that 
the power-factor angle 6 may swing to any 
position within a complete circle of 360 
degrees under normal load conditions. 
It therefore cannot be used alone as basis 
for discrimination between load and fault 
conditions. 

To complete this analysis of phase 
angle, it is necessary also to investigate 
cases of short circuit, open circuit, and 
loads approaching stability limits. 

Points corresponding to open circuit 
at the far end are not readily plotted on 
the near-end or sending power circle dia- 
gram until the sending-end power is 
determined from some other equation. 
The power for this condition is P,= ,’ 
(C/A), which is the charging kilovolt-am- 
peres of the circuit. For uniform open-wire 
lines, this falls in the first quadrant of the 
power circle diagram for all lengths 
up to '/, wave length, or nearly 760 miles 
for 60-cycle power lines having low- 
resistance conductors. Thus the power- 
factor angle @ for this open-circuit condi- 
tion on such lines is always less than 90 
degrees and for most lines less than 600 
miles long is very near 90 degrees. 

For a short circuit at the far end of a 
circuit (Z,=0), the power P, at the near 
end is found directly from equation 1, 

2, —_ . Ss 
Pye = /(A~8) =< /(5s+8). 
Since H,=0, the second term of this 
equation disappears, and the power 
is the first term which locates the center 
of the power circle 0’. Since all such 
centers for all values of #, and for all 
lengths of uniform lines up to very nearly 
1/; wave length, say to 700 miles for 60- 
cycle power lines having low-resistance 
conductors, fall in the fourth quadrant, 
the power-factor angle @ for short circuits 
on such lines is always between 270 and 
360 degrees and is /(A—8), corre- 


sponding to the length of line to the point 
of fault. 

For analysis of cases near the stability 
limits of a circuit, it is necessary to refer 
again to the power circle diagram and 
power equation. For any pair of values 
of EF, and E,, there is one near-end or 
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Figure 2. Current input to line from 154-kv 
bus as a function of length and far-end terminal 


load 


sending power circle. The maximum 
power (P,max) which can be put into the 
circuit from the near-end bus at these 
voltages is specified by a tangent to the 
power circle drawn to the right-hand side 
of, and parallel to, the Q —Q axis. The 
maximum power (—P,max) which can be 
taken from the circuit into the same bus 
is specified by a similar parallel tangent 
drawn to the left-hand side of the Q —Q 
axis. 

These two values of power (P,max) 
and (— P,max) are not steady-state power 
limits, as might be thought at first glance. 
The true steady-state power limits for an 
interconnection established by such a 
circuit would ordinarily be less than the 
values thus indicated, depending upon 
characteristics of the systems inter- 
connected.’ However, power loads of 
these magnitudes may be imposed mo- 
mentarily on interconnection circuits 
during power swings following system 
disturbances. Figure 5 illustrates the 
moment-to-moment changes in angle 
between two systems and the two ter- 
minal voltages of the interconnecting 
circuit during a system disturbance as 
obtained from an a-c network analyzer.® 
The angle 6,, is the link or factor con- 
necting this figure with the power circle 
diagram, Figure 3. It is the angle be- 
tween the terminal voltages E, and E&, 
and must not be confused with either the 
phase angle @ between current and voltage 
or the impedance angle Y=tan—(X/R), 
used in power and impedance diagrams 
respectively. This angle 6,, is so im- 
portant in the subsequent discussions that 
calibration scales of it are included in 
many of the figures, and diagrams are 
included for the purpose of identifying - 
corresponding points as related by this 
angle throughout these discussions. 

Referring again to the power limits on 
the power diagram, Figure 3, it is seen 
that on the upper or stable half of those 
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Figure 3. Construction of sending-end power 
circle diagram from equation 1 


power circles which enclose the origin 0, 
that is, circles corresponding to E,>DE,, 
the phase angle @ swings continuously in 
one direction through more than 180 
degrees as the power simultaneously 
swings through its full range from 
(P,max) to (—P,max). For fixed near- 
end voltage &, and at one or both of the 
loads, (P,max) and (— P,max), the kilo- 
volt-amperes and the current J, measured 
at the near-end terminal of the circuit 
are greater than the kilovolt-amperes 
and current at the same terminal in case 
of short circuit at the far end. 

The very wide range of power-factor 
angles @ and the lack of discrimination 
between magnitude of load and fault 
current previously discussed make over- 
current, directional, and volt-ampere 
relay elements unsuitable for the phase- 
to-phase protection of long lines when 
used alone, in combination with each 
other, or in combination with impedance- 
magnitude elements. This is likewise 
true for any tie circuit whether long or 
short, if the impedance of the tie is large 
compared with that of the systems. In 
other words, it is true in any case where 
the synchronizing power required to hold 
systems in step causes large angular 
separation (6,,) between terminal bus 
voltages. 


INPUT-IMPEDANCE MAGNITUDE AND 


ANGLE 


It is most helpful and enlightening also 
to look at the general transmission circuit 
from the impedance viewpoint, which is 
probably better understood by communi- 
cation engineers than by most power engi- 
neers. The 60-cycle input impedances of 
uniform lines with a conductor size and 
spacing suitable for 154-kv operation are 
shown for all lengths from 0 to 800 miles 
in Figures 6 and 7. The three curves of 
Figure 6 give the magnitude of sending- 


JuNE 1943, VOLUME 62 


ABEREE 


ACU CRS 


eT: 


ali 
tty 


120 100 80 60 40 20 0 


MEGAWATTS TOWARD K(KANSAS) 


Figure 4. Power circle diagram of the 154-kv 
interconnection for condition FE, =154 kv 


end impedance with receiving-end open- 
circuited, loaded with surge impedance 


Z,.=V3/9, and short-circuited respec- 
tively. The three curves of Figure 7 simi- 
larly give the angles y=tan—!(X/R) of 
these same impedances. 

Study of Figure 6 reveals that im- 
pedance magnitude alone, or measure- 
ment of ohms, does not give a good basis 
for successful discrimination between 
open, load, and short-circuit conditions 
close to the far ends of radial-feeder cir- 
cuits having electrical length corre- 
sponding to more than about 200 miles 
of open-wire line. In contrast to this 
conclusion, study of Figure 7 shows that 
angle of the input impedance is radically 
different, depending upon far-end condi- 
tions. This suggests that measurement of 
circuit-impedance angle, ~=tan(X/R), 
should provide a basis upon which 
successful discrimination can be made 
between normal and fault conditions 
and upon which relays can be de- 
signed for long lines, possibly up to 600 
milesinlength. A little further considera- 
tion, however, indicates that this basis 
may also have limitations. The deriva- 
tions of the impedance formula given in 
Appendixes II and III indicate that, for 
each point on the power circle diagram 
of Figure 3, there is a corresponding im- 
pedance magnitude and, further, that 
the impedance angle Y=tan~1(X/K) is 
the conjugate of the power-factor angle 0. 
We have already discussed limitations 
of power-factor angle # as a relay quantity 
and, because of the conjugate relation, 
can infer that some of the same limitations 
might apply to the impedance angle y. 
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Combinations of impedance magnitude, 
impedance angle y, and impedance com- 
ponents present possibilities as bases for 
relaying which must be explored For 
analysis of these, it is necessary, or at 
least very desirable, to have circuit char- 
acteristics and performance completely 
expressed in chart form on resistance and 
reactance co-ordinates.” 


Construction and Interpretation of 
Impedance Circle Diagrams 


There are certain well-known advan- 
tages of impedance as a basis for relaying. 
It is independent of system voltage, and 
except in special cases, is independent of 
the number and location of generators in 
service, and is primarily dependent only 
upon circuit constants. Hence it was 
decided to study further the possible com- 
binations of impedance magnitude and 
angle to determine the performance which 
would be required of impedance and re- 
actance relay elements to protect properly 
the proposed circuit and to find what 
modifications, if any, would be necessary 
in conventional relay elements. 

In this attack on the problem, it was 
desirable to obtain general formulas for 
the sending- and receiving-end imped- 
ances in terms of the ABCD general cir- 
cuit constants and the sending and re- 
ceiving voltages. With this goalin mind, 
the following equations for near-end or 
sending-end impedance in terms of the 


circuit constants and voltages were 
used: 
E,2- ; E,E 
P.= MCS ath / (63+ 8) 
B ——— 
(see Appendix I) (1) 
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_(conj E,)-E, 


Ze Be: (2) 
D-B Se 
cA TUNE TTR mle 
AE LES e-8) (3) 


Dae (E,/Es) a 


This was obtained by substituting 
equation 1 in equation 2 as is developed 
in Appendixes IT and III. 

Similarly the following equations in 
terms of far-end or receiving quantities 
also are useful. 


EE E,2:4 —— 
LS GPC Saal) seat AC at mG) 


_(conj E,)-E, 


5 
Zi P. (5) 
B-(E,/E,) 
"=F (E,/Ep et 8) 
A-B 
eee a" 6 
WEE b= ( ) 


This equation 6 is companion to equa- 
tion 3 and is derived by the same method 
as given in Appendixes IJ and III. 

Symbols appearing in the preceding 
equations and elsewhere in this paper are 
identified in Appendix VIII. 

From a relay standpoint, equation 3 is 
of first interest, because it defines the 
impedance of a protected circuit as 
“seen’’ by relays at the near-end terminal 
of that circuit. Equation 6 is also of 
interest but is of less immediate signifi- 
cance, because a diagram plotted from 
equation 3 gives similar results. 

Equation 3 when plotted on imped- 
ance co-ordinates is represented by a 
family of circles as in Figure 9, The 
mathematical relations between these 
circles and those of the power circle dia- 
grams, Figure 38, are developed in the 
appendixes. The derivation of the im- 
pedance, equation 3, shows that the 
center of each circle representing a given 
ratio of terminal voltages E,/H, lies on 
line 0-O (Figure 9) passing through the 
origin (R=0, X=0) at an angle/(g— A) 
with the R-R axis. Five such circles are 
of particular interest in this discussion. 
These are the ones corresponding to two 
general and three special values of the 
ratio E,/E,, as follows: 


2 coer, Er ep and E,=0 
im, ERE rs t 

The first of these circles which should 
be examined is one in which the near-end 
or sending voltage H,=0. In this case 
ratio E,/E;,= ©. This corresponds to 
condition of short circuit at the location 
of the relays. Since impedance ‘‘seen”’ 
by the relays is Z,=0, the circle is a point 
which coincides with origin 0;. 
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Figure 5. Swing curves of bus voltages and of 

equivalent internal voltages of generators dur- 

ing tripout and reclosure of interconnecting 
line 


The second circle falls in the general 
group defined by condition E,/E,>D. 
(Referring back to the power circle dia- 
gram Figure 3, it is found that this condi- 
tion defines power circles which enclose 
the origin.) By plotting one of this gen- 
eral group of circles, it is found that the 
center lies on the line 0-0 below the origin 
of the diagram, for example at 02. One 
particular case in this group of circles 
is that for which E,=E,. In this case, 
the distance from the center 0. to the 
origin of the diagram is (D-B)/(D?—1) 
and the radius is B/(D?—1). 

The third circle of interest is the special 
case in which #,/H,=D. In this case 
(reference to the power circle diagram, 
Figure 3, reveals that the corresponding 
power circle passes through the origin of 
the diagram indicating one point of zero 
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power), the circle has diameter of © 
and radius of © and is therefore a straight 
line. This straight line is perpendicular 
to the line of centers 0-0) and intercepts 
it at distance B/2D above the origin. 
However, this location cannot be found 
from equation 3 but must be found as 
explained in a later paragraph. 

The fourth circle is one in the general 
group defined by the condition £,/E,<D. 
(Again referring back to the power circle 
diagram, Figure 3, it is seen that circles 
of this group lie entirely to one side of the 
origin of the diagram.) This fourth 
circle has finite radius and its center is 
located on the line of centers 0-0 above 
the origin, for example, at 04. 

The fifth of these circles is the case 
where £,=0, corresponding to short cir- 
cuit at the far end of the line. This circle 
has no radius and is therefore a point. 
Its location is on the line of centers 0—O at 
distance B/D upward from the origin at 
05. For convenience this point may be 
called the far end of the circuit, and the 
origin 0, can likewise be called the nearend. 

In plotting these circles, the intersec- 
tion of each with the line of centers 0-0 
on the side nearest to the origin 0; is of 
greatest importance. Since these inter- 
sections are obtained from the impedance 
equation 3 as the difference between two 
quantities which may each be quite large, 
infinite in one case, it is often desirable 
to locate these intersections by other more 
accurate means and then to make the 
circles pass through these points by slight 
adjustments in location of the correspond- 
ing center or radius if necessary. 

Referring back to the power circle 
diagram, Figure 3, the corresponding 
point in that diagram is located at M 
where power circle P,; crosses the line of 
centers 0-0’ extended. The power P, 
at that point has scalar value equal to the 
sum of the radius, and the distance from 
the origin to the center 0-0’ which sum is 
\Ps\m= (E.2-D)/B+E,E,/B. The imped- 
ance corresponding to |Palan is therefore 
E2/|Ps\m- A numerical substitution of 
values corresponding to either actual or 
per-unit voltages permits easy calcula- 
tion of this impedance which is then used 
to locate the intersection in question on 
the impedance circle diagram, Figure’ 9. 
It should be noted that all such inter- 
sections fall between the points 0, and 0s. 

As indicated in the appendixes, the 
authors have found no satisfactory way 
of relating the angle @ appearing in the - 
impedance equation 3 to the angle 6,, 
between sending- and receiving-end volt- 
ages. To date, the impedance circle 
diagrams similar to Figure 9 used in their 
calculations have all had these points 
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Figure 7. Angle of 60-cycle input impedance 


of a line suitable for 154-kv operation asa 
function of length and far-end terminal load 


representing various values of 6,, indi- 


_vidually computed and located by the 


following method. 

The impedance angle y=tan-'(X/R) 
appearing on the impedance circle dia- 
gram, Figure 5, is the conjugate of the 
corresponding power-factor angle @ ap- 
pearing on the power circle diagram. 
These angles @ are measured for each of 
several desired values of 6,, on appropriate 


power circles of diagrams similar to 
_ Figure 3 and transferred to the corre- 


sponding impedance circle diagrams by 
locating the intersections of lines Z, 
extending from the origin at the conjugate 
angles y and the corresponding impedance 
circles as in Figure 9. 


Locus of Impedance During System 
Disturbance 


If the impedance circle diagram, Figure 
9, is used, it is quite enlightening to follow 
the dynamic behavior of an interconnec- 
tion during a power swing as it is repre- 
sented by the swing curves of Figure 5. 
Prior to system disturbance, the angle 
6,, is relatively small, as can be deter- 
mined from load and terminal voltages by 
referring to the appropriate power circle 
diagram similar to Figure 4. Assume for 
the moment that the directicn of the 
power flow is from the bus to the inter- 
connecting circuit at the location of re- 
lays, For purposes of this discussion, we 
may assume the impedance “‘seen”’ by the 
relays to be at A on Figure 9. Upon 
occurrence of a short circuit on the inter- 
connecting circuit close to the far end, 
the impedance instantly assumes a value 
closely ccrresponding to Ee) be (ee ots 
may be assumed as being at B. 

If relay and breaker action is correct, 
‘both ends of the interconnecting circuit 
are immediately tripped out, and the 
systems begin to drift apart as indicated 
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in the swing curve, Figure 5. By the time 
the interconnection has been reclosed at 


both ends, terminal voltages will have 


drifted apart by several degrees so that 
the impedance “seen” by relays has 
moved around the impedance circle from 
original position A toward the line of 
centers 0-0 and now occupies position C, 
possibly on another circle representing a 
different ratio #,/E,. Further swing in- 
creases the angle 4,, until the respective 
accelerations of the two systems have 
been overcome and 6, has reached 
maximum value. 

As has been pointed out earlier in this 
paper, the angle (,,max) may exceed 
90 degrees, and the resulting impedances 
may fall in the general vicinity of D. 
Recovery of the system toward normal 
voltages and angles causes the impedance 
to retrace path D, C, A and oscillate about 
the original angle and impedance values 
at A until the systems finally resume their 
original relation. 

A similar step-by-step analysis of be- 
havior based upon the opposite flow of 
power, that is from circuit to bus, is rep- 
resented by a similar group of points, 
E, B, F, G, and E, on the left-hand side 
of the diagram. 


IMPEDANCE REFERRED TO FAR END OF A 
NONUNIFORM CIRCUIT 


Figure 9, which is the plot of equation 
3, has been used in the preceding dis- 
cussion of conditions as “seen”? when 
“looking into” the circuit from the near 
end or so-called, but somewhat misnamed, 
“sending end.” To complete the study, 
it is necessary to investigate at the same 
time what takes place at the far end or 
receiving end of the circuit. Figure 10 
is the plot of equation 6, which presents 
the same information in terms of far-end 
or receiving quantities. In comparing 
these two Figures 9 and 10, the first thing 
which attracts attention is the fact that 
the diagrams are similar in construction 
except for 180-degree rotation with re- 
spect to the axis of the diagram. The 
rotation corresponds to the change in 
viewpoint required to “see” the circuit 
from the opposite end. The dimensions 
of these two diagrams differ from each 
other only for nonuniform circuits in 
which D <A is not equal to A<a. For 
uniform symmetrical lines, or for such 
lines terminated in transformer banks 
having identical electrical characteristics, 
it would be sufficient to use Figure 9 for 
far-end or receiving conditions by making 
the following changes: 


(a). 
(b). Reverse the resistance scales, R for 
—R and vice versa. 


Rotate the diagram 180 degrees. 
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(c). Reverse the reactance scales, X for 
—X and vice versa. 


(d). Substitute reciprocal values for the 
ratios £,/Es. 


(e). Substitute conjugate values for the 
angles 5,;; that is, in place of 6,.;=45 degrees 
substitute 6,;=315 degrees, and so forth. 


Application of Impedance Circle 
Diagrams to Long-Line Relaying 


The impedance circle diagrams, Figures 
9 and 10, can be combined on one chart 
to give a very complete picture of im- 
pedance conditions affecting simultaneous 
relay performance at the two ends of an 
interconnecting circuit in the following 
manner: 


1. Cut off each diagram along the straight 
lines representing the condition E,/E,=D 
in the near-end sending diagram, Figure 9, 
and the condition E,/E,=A in the far-end 
receiving diagram, Figure 10. 


2. Fit the two diagrams together along 
these two lines and match lines of centers 
0-0. 

The co-ordinates of the two diagrams 
are thus offset from each other both 
horizontally and vertically. 

Figure 11 is the result of such combina- 
tion for the Kansas—Nebraska 154-kv 
interconnection. Because transformers 
at the opposite ends of this line are not 
alike, the A and D constants of the cir- 
cuit are not equal. Consequently the 
co-ordinates are skewed slightly, and im- 
pedance values scaled across the bound- 
ary line L-L are not strictly accurate. 
In spite of these minor shortccmings, the 
combined diagrams furnish an excellent 
basis for relay studies. 


ANGLE OF A,B&C 


SCALE OF A&C 
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LENGTH OF LINE —MILES 

Figure 8. Values of general circuit constants 

A, B, and C as a function of length for a line 
having the following constants: 


r=0.252 ohm per mile 
x=0.803 ohm per mile 
b=5.2210°° mho per mile 
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It will be noted that for this circuit 
values of A and D are 0.824 and 0.769 
respectively. In no case of steady-state 
operation is it likely to be desirable or 
practical to have ratios E,/E, or E,/E, 
as low as these A and D values. There- 
fore it is not necessary to consider seri- 
ously impedance circles having centers in 
the areas which were cut off when these 
two diagrams were combined. On the 
combined impedance diagram, Figure 11, 
circles corresponding to E,/E,=1.00+ 
0.10, or a total range of 20 per cent in 
voltage ratio, are plotted to serve as ap- 
proximate boundary lines between which 
normal operation is expected. Distances 
along the lines of centers between points 
K and WN are approximate measures of 
fault location, and the boundaries of trip 
and no-trip regions are added on this 
basis. 

This combined diagram not only 
shows the impedance “looking” into the 
interconnecting circuit from each end, 
but on it are also plotted limiting im- 
pedances which relays will ‘“‘see’”’ during 
open-circuit conditions, zero-power-trans- 
fer condition, and short-circuit conditions. 
The lower part of this diagram shows the 
impedance looking into the Kansas ter- 
minal transformers toward Nebraska, 
and the origin K of the graph corresponds 
to a short circuit on the Kansas 132-kv 
bus. Similarly, the upper part of the 
diagram “‘looks” into the circuit from the 
Nebraska 66-ky bus, and short circuit on 
the Nebraska 66-kv bus falls on the origin 
N. This combined diagram is replotted 
in Figure 12. 
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Figure 9 (left). Con- 
struction of sending- 
endimpedancecircle 
diagram from equa- 
tion 3 


Sas SCALES 


Figure 10 (right). 
Construction of re- 
ceiving-end imped- 
ance circle diagram 
from equation 6 


Analysis of the combined diagram 
shows that all solid phase-to-phase faults 
on the line or in the terminal transformers 
would establish impedances, as ‘‘seen’’ 
from the ends of the line, which would fall 
along the line of centers 0-0 between the 
origins or terminals Nand K. If the fault 
is an arcing type such as one started by 
lightning, the fault impedance as “‘seen”’ 
from terminal K would fall in the shaded 
area B in Figure 12 to the right of the 
line K—N because of the arc resistance. 

Similarly, for the same arcing fault, the 
impedance ‘“‘seen’ from terminal WN 
would fall in the shaded area H to the 
left of the line K—N. 

Normal operating impedances corre- 
spond to the shaded areas A and A’ for 
power flow from K to WN and to the areas 
E and £E’ for power flow from N to K. 
The exact impedances in these general 
areas are determined by the ratio F,/E, 
and the angle 6,,. Both of these factors 
can be determined for any load condition 
from the power circle diagrams of the 
circuit. 

During system disturbances, the im- 
pedances “‘seen”’ by the relays may move 
out of the normal operating areas A and 
A’, or Eand E’, into the regions of maxi- 
mum synchronizing power D and D’, or 
G and G’, as explained in a previous sec- 
tion ‘Locus of Impedance During System 
Disturbance.” If the systems do not 
recover from the disturbance and thus fall 
out of step, this loss of synchronism is 
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indicated by further movement of the 
impedance across the line N-—K and 
through the areas corresponding to faults 
near the middle of the circuit. 

Impedance magnitudes at the high-load 
edge of areas A, A’, E, E’ and in the areas 
of maximum synchronizing power are less 
than some impedance magnitudes in the 
fault areas B and H. 

This clearly requires that a closely 
drawn border line must be established 
between the power-swing area, from 
which the systems may be expected to 
recover, and the actual fault zone. To 
obtain the maximum usefulness of an 
interconnection, it is necessary for the 
relays controlling the circuit to dis- 
criminate accurately between trip and 
no-trip conditions along this border line. 
On interconnections of this nature, there 
is no harm in permitting tripping on the 
out-of-step swing into the fault area after 
all hope of maintaining synchronism is 
lost. In fact, tripping before the angle 
6,5 first reaches 180 degrees rather than 
waiting through two or three cycles of 
slip to recognize the out-of-step condition 
is of utmost importance to prevent propa- 
gation of further system disturbances. 


SUMMARY 


The characteristics of long lines and 
interconnections differ from those of short 
radial feeders and loops within close-knit 
networks and dictate special relaying 
treatment for these circuits. These 
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characteristics may be expressed in terms 
of impedance magnitude and angle on 


diagrams similar to Figure 9 and Figure 


11. Ifthese impedance diagrams are used, 


it is possible to define completely and 
_ clearly the necessary relay requirements 


to protect and control a long power-trans- 
mission circuit or interconnection. 


Required Performance of Long-Line 
Relays 


Expressed in the language of these 
diagrams, relays for long power-trans- 
mission lines or for loose-linked inter- 
connections should: 


1. Close their trip-circuit contacts instan- 
taneously at both terminals for all im- 
pedance values occurring between terminals 
N and K in areas *B and H of Figure 12 
caused by either power swings or faults. 


2. Not trip at any time for values of cir- 
cuit impedance corresponding to high-power 
swings or high kilovolt-ampere transfers in 
the areas A, A’, D, D’, or E, E’, G, G'. 


3. Provide time-delay backup tripping for 
faults in areas B and H which are beyond 
the far end of the circuit. 


4. Prevent immediate tripping of terminal 
breakers, for faults in the systems external 


to the protected circuit, by means of carrier- 
current blocking principles. There should 
be no objection to such tripping after proper 
time delay. 


5. Provide instantaneous tripping of ter- 
minal breakers for ground faults on the pro- 
tected circuit by means of carrier-current- 
controlled directional ground relays. 


6. Provide time-delay backup protection 
independent of carrier-current control for 
all ground faults. 


LIMITATIONS OF LONG-LINE PROTECTIVE 
RELAYS 


From a very brief study of lines longer 
than the 270-mile interconnection cited 
in this paper, it appears that these same 
principles of protective relaying can be 
applied to transmission lines of greater 
length without intermediate switching up 
to any limit at which synchronism can be 
maintained between constant voltage 
systems. This limitation is imposed by 
the fact that the input-impedance angles 
Y=tan~1X/R for such long lines approach 
the characteristic impedance angle which 
is small. 

In considering the field of unusually 
long-distance transmission of power, it 
appears that but little consideration has 


Figure 11 (left). 


Combined sending- 


end and receiving- 


end impedance cir- 


cle diagrams for 


Kansas-Nebraska 


154-ky interconnec- 


tion including trans- 


formers at both ends 


Figure 12 (below). 


Same as Figure 11 
but showing areas of 


fault BH, swing 


DD’ and GG’, and 


normal operation 


AA’ and EE’ 


SSE 


NEA 
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yet been given to methods of protecting 
the lines to differentiate between faults 
and power swings. It is hoped that this 
analysis of relay performance require- 
ments will stimulate thought and dis- 
cussion on this complex subject. 


Appendix |. Power-Circle-Dia- 
gram Equations 1 and 4 


The general A BCD equations for a circuit 
are 


E,=A-E,+B-I, (7) 
I,=C-E,+D-I, (8) 
From equation 7, J,=(E,/B)—(A- E,/B.) 


Substituting this into equation 8, we have 


Tec. Ree D see 
ape ee BoB 
Dees A-D 
a! C—-— 9 
B +6 B ) (9) 
17842 (B-C-A-D) 


Since A-D—B-C=1 
D-E, E, 
“SB eR 
Using equation 10 and substituting for J, in 
P,=/3 (conj E;):1,=P +jO 
P _ (conj E;)-D-E, (conj E;)-E, - 
ae rB B 


(10) 


(11) 


If 6,; represents the variable angle between 
terminal bus voltages, this equation may be 
expressed as follows (writing the circuit 
constants in polar form): 


pee DIS Ev Er/brs 
ior KB) 6 B/B 


or 


E,2-D 
P.=— 


FB 
[A= B)=—- org 8) (1) 


B 


~ IK 


bYtijy 
by) Lyf y 
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Similarly, solving for E, and J, from equa- 
tions 7 and 8, equation 4 for receiving power 
may be obtained. 


a oA ia 
7B /(B-«) (4) 


Ey: E, 
B /(8;s—8) = 


(= 
In equations 7, 8, 9, and 10, voltages, cur- 
rents, and circuit constants are on phase-to- 
neutral basis. In equations 11, 1, and 4 
power is total three-phase power with volt- 
ages on a phase-to-phase basis, currents are 
phase currents, and circuit constants are 
on phase-to-neutral basis. 


Appendix II. Basic Impedance 
Circle Diagram Equation 


In order to derive equations 3 and 6, the 
following review is presented covering the 
method of inverting a complex quantity of 
the form: 


Y,=a/a—b/(5—8) (see reference 8) (12) 


This equation is an admittance form which 
can be converted to the impedance form 
using graphical resolution and some arti- 
fices. 

A plot of admittance, equation 12, is 
shown in Figure 13. a Za@ locates the center 


of the circle, and b/(6—B) is the rotating 
vector with variable angle 6. Principal 
points in this figure are labelled 1, 2, and 3. 

If the reciprocals of points on this circle 
are taken and plotted on a convenient scale, 
another circle will result as shown in Figure 
14, which is the locus of the end of the 
impedance vector Z, (the reciprocal of Y,), 
and points on it are conjugate impedance 
values from Figure 13. An equation may 
be derived for Figure 14 by first comparing 
points along the complex quantity passing 
through the center of the circle with cor- 
responding points in Figure 13. If Y, is 
the distance from the origin to point 1, then, 
if the values from equation 12 for the 
distance to the center of the circle and 
radius of circle are used, Y,,.=a—) and 
Yo2=a+b. 

The corresponding points in the im- 
pedance diagram Figure 14 are 


a+b 
Diameter of impedance circle in Figure 14 is 


1 1 2b 
a—b a+b a?—b? 


ZZ y= 


and radius is 


diameter Z,1:—Z b 


2 9 


< a 


The magnitude of the complex quantity 
locating the center of the impedance circle 
is 


1 b a 
bh Gisele) — = : 
(Za) +(cadius, R)= => + 


By analysis and comparison the angles may 
be found, and hence complete impedance 
equation for Figure 14 is 


@ b 


ee ee 
a?—b2/%~ 79 pp 


Z= 


/(¢-8) (13) 
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It is interesting to note how the preceding 
equation 13 is related to the admittance 
equation 12. The constants a and 5 are 
now divided by (a?—06?). Also the con- 
jugate of Za and /(6—8) are the angles 
of the fixed quantity and radius of the circle 
respectively. But angle 6 is not the same as 
@ as discussed later in the following ap- 
pendix. 


Appendix Ill. Equation 3 


The derivation of this impedance equa- 
tion is based on the following fundamental 
equations: 


~ (conj E,) ‘Ey E,? 
a Re 


1D tad By DD ek minaee —aar 
BAe Td Moret) ¢ 0) 


Ze (2) 


P,= 


Equation, 2 shows the relation between 
the three-phase power in any part of a cir- 
cuit, the phase-to-phase voltage of that part 
of the circuit, and the phase-to-neutral 
impedance. Equation 1 is derived in Ap- 
pendix I. 

The reciprocal of equation 2 is the admit- 
tance form as follows: 


= (14) 


Substituting equation 1 into the preceding 
equation gives the following general equa- 
tion: 


were 
oS ate 
EEK 8) Sa Gay, (15) 
A B rst B 
133 
on simplifying 
it 7D) ty. a 
Y,=—=—/(A— = Ors ) 16 
s Vas pl la-8) z,-B! ' Té8 ( ) 


Since this is an admittance equation, it is 
not wholly satisfactory for our purpose if 
we discuss impedance relays and their rela- 
tion to circuit impedance. This admittance 
form will, however, be very useful as will 
be shown later. By taking the reciprocal of 
this equation, as follows: 


iia nese 
ae ES cree iy 
pA-B)- FB rs+8) (17) 


we get an equation for impedance in terms 
of circuit constants, circuit voltage angle, 
and ratio of receiving and sending voltages, 
but it is not in a form for conveniently 
plotting. 

By going through some algebra, equation 
17 may be written in the following form: 


(bya1+-b2a2) +(be sin 6,5 —d1 cos 4,,) 
aie |A | ? — 2a; COS 6;3— 2a Sin 5,5 
(bea1 — diaz) +(b1 sin 6;3—bz cos 5,5) 
1+|A 


s 


*—2a; cos 6;5—2ay sin 6,, 
(18) 
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which also is not conveniently usable be- 
cause of the large amount of arithmetical 
work required to plot the diagram repre- 
senting it. 

Instead of directly inverting equation 16, 
inverting an admittance equation to an im- 
pedance form as in Appendix II simplifies 
greatly the amount of work required and is 
a method commonly used. Admittance 
equation 16 was converted to the following 
impedance equation in this way: 


ay 
De dS 


Ey 
E 
Zs ( : 
pete! ie 
ANA 
Dis 
i) 
This equation for impedance includes the: 
general circuit constants, angles of these con- 
stants, ratio of the receiving and sending 
voltages, and the angle ¢. The diagram for 
this equation is Figure 9 discussed in the 
text of the paper. 
Again referring to equation 16, if E; = E,,. 
then this equation takes the following simple 
form: 


/(¢-8) (3) 


D Ll ee 
= A—g)-—— “i t ig 
¥.=5/(A-6)—5/(ars+8) (19) 


which is the sending-end power, equation 1,. 
with the sending and receiving voltages. 
equal to one volt. Thus the admittance is. 
expressed in terms of the circuit constants. 
and circuit angle, and it does not include the 
load impedance. On analyzing this equa- 
tion, we find it is a circle with the center at 
D/B/(AS—8) and a radius of 1/B. The 
angle 6,, is the same as the circuit voltage 
angle in the preceding power equation 1- 
This operation shows that the admittance 
value of a network or transmission line may 
be obtained from the sending-end power 
circle diagram for conditions where £, equals. 
E; by simply dividing the power and reac- 
tive values by E,?. The reciprocal of this,. 
of course, gives the impedance. It is inter- 
esting to note that Y, is not a function of the 
magnitude of the line voltage, but only of the 
ratio of the sending and receiving voltages- 
Thus for a given transmission line, equatiom 
19 gives the sending-end admittance, re- 
gardless of the magnitude of the line voltage. 

In reference to equation 3, if LH, equal E,g,. 
then the following simple equation for im- 
pedance results: 


DP 


BE gaa) (20) 


D2—1 


j : 
$ i (A—8) 

As mentioned in the text of this paper,. 
the angle ¢ in equations 3 and 20 is not the- 
same as the angle 6,, in power equations 1 
and 4. They are related for the particular 
problem studied by a curve similar to the 
Figure 15 for which a simple equation has. 
not been found. 


Appendix IV. Equation 6 


In a manner similar to that in Appendix 
III, an equation for receiving-end impedance: 
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ody 


Figure 13. Admittance circle—Y, 


may be derived using the following funda- 
_mental formula for impedance: 
_ (conj E, ) ‘E, Ef? 


Zz, 
Jee ove 


(5) 


_and the following equation for receiving-end 
_ power derived in Appendix I: 


E 


rid Ses 
/(e—a) (4) 


/(8ps— B) — B 


E,-E. 
- s° fr 

1 B 

we obtain the following equation for re- 
ceiving-end impedance: 


A-B 


—— tha) _( 
ce) 
E, 


This equation may be plotted in the same 

_manner used to plot equation 3 for sending- 
end impedance circle. Again if E,=E,, then 
the above reduces to 


eta 
? A? 


6} 


Zz, 


Similarly to equation 16 


Es 
Y,=—. 


eae 
/(8,;;—8) —-—:/(8- 22 
E,-B (6,,—8 B /(B—a) (22) 


Appendix V. Plotting Impedance 
Circle Diagrams 


Impedance circle diagram in Figure 9 was 
plotted by first calculating the vector which 
locates the center of the circles and the 
radii of the circles, using the following equa- 
tion for impedance: 


D-B 


Z;= (ey 8) — 
Dz— eet 
Es 


ee) 43) 


Since the angle ¢ does not bear a simple 
relation to 6,;, the degree points on the dia- 
grams corresponding to values of 6,, were 
obtained by taking the reciprocal of the 
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Figure 14. Impedance circle—Z, 
derived from Figure 13 


0° 180° 360° 
5ns 

Figure 15. Varia- 

tion of the angle ¢ 

with respect to the 
angle 5,, 


admittance quantity obtained from equa- 
tion 16 after ratios of approximate system 
voltages and circuit constants had been 
substituted into it, 

Similarly equation 6 was plotted and de- 
gree points for 6,,; were located by using 
equation 22 to find the admittance for a 
given value of 6,,. 


Appendix VI. General Circuit 


Constants 


General circuit constants used in the im- 
pedance, admittance, and power equations 
for the Kansas—Nebraska 154-ky intercon- 
nection including transformers are 


A=A/a=a,+jb2=0.824/3.25° 


B=B/8=),+jbo=282/77.3° ohms 


C= C/c=e+jco= 1,337 X10-8/90.9° mhos 


D=D/A=d,+jd,=0.769/3.56° 


Appendix VII. Auxiliary Formulas 


Using the general A BCD circuit equations 
7 and 8, Appendix I, auxiliary formulas were 
derived for calculating limiting circuit im- 
pedances. ; 

Sending-end impedance as function of 
load impedance is 


_A:2,+B (23) 
‘C7 Dp 
Assume short circuit at R end; that is, 
E,=0, then 
Zz ee (24) 
nh 


with the circuit open at R end, that is, 
I,=0, then 


7 bo (25) 
(BY 
The same general equations 7 and 8 and 
same reference angles being used, the re- 
ceiving impedance Z, in terms of the send- 
ing impedance Z; is 


D228 


Vp 26 
" —C:Z,+A Az9) 
Assume short circuit at S end; that is 
E;=0, then 
B 
La “Fi (27) 
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With S end open; that is 7;=0, then 


D 


Appendix VIII. Nomenclature 


Z,—Equivalent or apparent phase-to-neu- 
tral impedance in ohms looking into the 
sending end assumed for purpose “of 
establishing a convention for signs and 
reference angles during calculations. 

Z,—Equivalent or apparent phase-to-neu- 
tral impedance in ohms at receiving end. 

Z—Impedance expressed in vector form. 

Y;, ¥;—Equivalent or apparent phase-to- 
neutral admittances in mhos, 


xX 
¥y—Tan- 'R of impedance Z. 


¢—The angle of the variable in equations 3 
and 6, 

5rs—Angle in degrees by which the sending- 
end voltage leads the receiving voltage. 

A, B, C, D—General circuit constants ex- 
pressed in vector form. 

P,—Sending-end power expressed as a vec- 
tor=P, +jQ, =P, |_8@. 

P,—Receiving-end power expressed as a 
vector=P, +70, =P, |_@. 

0@—Power-factor angle of sending or re- 
ceiving power. 

E,;—Phase-to-phase volts at sending end. 
Phase-to-neutral volts in equations 7, 8, 
9, and 10. 

E,—Phase-to-phase volts at receiving end. 
Phase-to-neutral volts in equations 7, 8, 
9, and 10. 

E;, E,;—Vector forms of E, 
spectively 

(conj E;), (conj £,)—Conjugate vector 
forms of E, and E,, respectively, that is, 
with angular rotation measured in op- 
posite direction from reference line com- 
pared to direction of measurement for 
E, and E,. 

(conj E,):Es= Es”. 


and £,, re- 
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Measurements Pertaining to the Co-ordi- 
nation of Radio Reception With Power 
Apparatus and Systems 


C. M. FOUST 


MEMBER AIEE 


I. Introduction 


XPERIENCE has shown that electric- 

power apparatus and circuits may, 
under certain circumstances, influence 
radio reception. Groups* representing 
electric-apparatus manufacturers, power 
companies, radio-apparatus manufac- 
turers and service have been co-operating 
for several years on the control of this in- 
fluence. Reports by these groups have 
summarized progress as this work pro- 
ceeded. Standard measurement equip- 
ments and methods have been established. 
Papers have been presented also covering 
various aspects of the general problem. 
This paper gives the results of practical 
experience with standard equipments and 
methods for the measurement of radio 
influence factors. The various elements 
in the chain between measured character- 
istics of the power apparatus and the 
noise measured in the radio set are 
analyzed. Quantitative values for the 
various factors involved in average cases 
are given. 

Problems attendant to interference con- 
trol by general consent are approached 
with the attitude that we must have the 
services of both power and radio and that 
each must adjust itself to live with the 
other on the practical basis of general use- 
fulness and reasonable economy. Power 
service groups have made progress in con- 
trolling interference phenomena in their 
circuits. In the radio field improved re- 
ception has been realized. Each group 
is continuing its endeavors to improve its 
own facilities. They are also working to- 


Paper 43-57, recommended by the AIEE com- 
mittees on communication and instruments and 
measurements for presentation at the AIEE na- 
tional technical meeting, New York, N. Y., January 
25-29, 1943. Manuscript submitted November 19, 
1942; made available for printing December 18, 
1942. 


C. M. Foust and C. W. Frick are both with the 
general engineering laboratory of General Electric 
Company, Schenectady, N. Y. 


* American Standards Association committee on 
radio electrical co-ordination; Joint Co-ordination 
Committee on Radio Reception of Edison Electric 
Institute, National Electrical Manufacturers Asso- 
ciation and Radio Manufacturers Association; 
National Electrical] Manufacturers Association com- 
mittee on co-ordination of acoustic relations of 
power and communication apparatus and systems. 


284 TRANSACTIONS 
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gether co-operatively to understand the 
problems involved and by joint effort to 
arrive at the most satisfactory over-all 
solution. 


II. General Situation 


The general scope of the co-ordination 
problem ranges widely through many 
branches of the power and radio fields, 
and accordingly a comprehensive plan of 
attack might appear difficult. However, 
the general situation has naturally divided 
itself into four parts, each one of which 
falls automatically into the hands of a 
technical group whose regular interests 
prompt ready response to the attendant 
problems. 

These divisions are as follows: 


1. Power circuit generation, transmission - 


and distribution and power equipment, in- 
cluding utilities, industrial and domestic 
classifications. These constitute the genera- 
ting sources of the influence phenomena and 
the circuits which transmit them to points 
of exposure to the radio circuits. 


2. The radio receivers and circuits which 
may be susceptible to the influence of the 
power apparatus. 


3. Magnetic or electrostatic coupling be- 
tween power circuits of 1 and radio circuits 
of 2. 


4. Measuring instruments which are suit- 
able for the quantitative evaluation of cur- 
rents and voltages associated with inter- 
ference or interference conditions. 


The technical problems of the first di- 
vision fall naturally to the electric-power 
group; those of the second to the radio 
group; those of the third to co-operative 
effort between the power and radio groups, 
and the fourth or instrument division to 
instrument technicians of both groups. 


Il. The Immediate Problem 


Within this situation, as already out- 
lined, the immediate practical problem of 
increasing control and reducing interfer- 
ence is that of recognizing the factors in- 
volved, determining their significant rela- 
tions and evaluating them quantitatively. 


Experience seems to indicate that the 
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general problem is concerned with the 
following factors and particular problems: 


1. The design, construction, and calibra- 
tion of instruments suitable for the measure- 
ment of the electrical characteristics of 
radio-influence phenomena. 


2. The measurement of radio-influence 
characteristics of power apparatus of all 
types to indicate the relative influence possi- 
bilities when placed in service. 


3. The measurement of radio-influence 
voltage on power lines to establish a rela- 
tion between the value existing on the line 
and the measured characteristics of the 
apparatus connected to it as found in 
item 2. 


4. The measurement of radio-influence 
voltage under the power line to establish the 
relation between the radio-influence volt- 
age at some standard position adjacent to 
the line but not connected to it and the 
radio-influence voltage on the line as 
measured in item 3. 


5. The measurement of radio-noise voltage 
on the receiver antenna to determine the 
relation between its value and the radio- 
influence voltage measured at the standard 
position under the power line in item 4. 


6. The measurement of the susceptibility 
of the radio receivers and antennas to ex- 
traneous influences. 


7. The determination of limiting values for 
the ratio of signal to noise for good reception. 


8. The determination of limiting program 
signal strengths on which to base a criterion 
of good reception. 


9. The design of suitable equipment or ar- 
rangements for the reduction of radio-noise 
phenomena where prevailing levels are 
above those consistent with good reception. 


This paper will take up these factors 
and problems and endeavor to present 
pertinent data and show the present 
status of each. 


IV. Radio-Noise Meters and 
Calibrations 


Satisfactory instruments for the meas- 
urement of radio-interference phenomena 
have certain unusual requirements: 


1. They must measure a standardized 
quantity significant to the noise output of 
broadcast receivers. 


2. They must be extremely sensitive. 
Voltages as low as a few microvolts (mil- 
lionths of a volt) must be measured. 


3. They must cover a wide range of wave 
shapes and equivalent frequencies. Radio- 
interference phenomena vary from single- 
polarity impulses or damped oscillations of 
widely different recurrent times to continu- 
ous waves of constant frequency. Ampli- 
tudes also vary quite irregularly. 


Progress in instrument design and in 
methods of operation have been made, and 
these developments have been reported 
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is fast as experience justified.'-* For 
some time now, two makes of radio-noise 
meters have been available commercially, 
and considerable experience has accumu- 
ated as to their operational performance. 
To summarize this experience briefly, 
some results on sine-wave calibration, 
square-wave calibration, and noise tests 
on several devices are reported here. 

As regards instrument calibrations, 
both instruments are supplied with a 
self-contained calibrating signal source 
which utilizes the electron shot noise of a 
aturated diode as the calibrating voltage. 
Operating instructions on calibration call 
for the following: 


1. Tune the noise meter to the desired 
| frequency. 


£2. Adjust the calibration circuit to the 
reference point on the noise-meter scale. 


3. Adjust the noise-meter amplification 
until the meter reads the scale value on the 
calibration curve for the frequency se- 
lected. 


_ This calibration procedure has been 


followed closely, and, in addition, at fre- 
quent intervals and before each set of 
important noise measurements, a check 
calibration against a signal generator has 
been made, following the settings called 
for on the internal calibrator. Many of 
these complete calibrations have been on 
both instruments, and rather complete 
data are, therefore, now available. The 
general trend of these data is represented 
by the specimen curves of Figure 1. 
These were all made at 1,000 kilocycles. 
These data show that the accuracy pro- 
vided by the use of the internal calibrator 
alone as recommended will be within +20 
per cent for the microvolt range of 10 to 
100. For the higher range 100 to 100,000 
microvolts, the deviation occasionally 
goes above +50 per cent, particularly at 
the upper end of the measurement range. 
For any one instrument calibration a 
high or low trend persisting throughout 
the measurement range is quite evident. 
This trend results in lower accuracy for 
the higher magnitudes of microvolt levels. 
Table I. Comparison of Noise Meters on 
Square Waves 


Noise-Meter 


Square-Wave Measurements Per Cent 
Reference Deviation 
Setting Type A Type B Based on B 
(2) ete recs DOr weiac.tas Be apn +29 
Wet, Seats MOGs ens < RII: owe e ae +40 
ORSSme ea s.s DAO aces: 150 Par oer +40 
OF Gace cieat SiO Sanen 220 ore Reo chaes +41 
ONG Dratelere SV ADs Save cof 290 ease: +34 
OTS rates anatods ASOG cast ShUME Be See +37 
OOO eeisek as SOK csyerecore Zee BS Sie +41 
UU R Reece Gi Ole. testers SOOM ecco = +34 


Average +37 
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Each instrument has a tendency to read 
high or low on an average basis, and each 
one may vary from one calibration to 
another. This calibration experience is 
presented as representative of that ob- 
tained in a laboratory where operators are 
familiar technically with the details of 
such measurements. 

If greater accuracy is desired, the radio- 
noise meter may be used by connecting it 
to the circuit in which the noise is to be 


NONAD 
8°88 SBS 
DEVIATION IN PERCENTAGE 


10 100 1000 
MICROVOLTS 


(a). Tests of 8-28-40 and 6-18-41 


10,000 100,000 


ANONMHSARNMONANON 
©O CO000 000 oO 
DEVIATION IN PERCENTAGE 


10 100 {000 10,000 100,000 
MICROVOLTS 

(6). Tests of 3-30-42, 4-94-49 and 
5-11-49 


Figure 1. Radio-noise-meter calibrations 


Solid lines all apply to an instrument of one 
make. Dotted lines all apply to an instrument 
of another make 


measured and noting the reading. It is 
then connected to the signal generator 
and the output adjusted until the same 
reading is obtained on the radio-noise 
meter. The output of the signal generator 
then gives the radio-influence voltage in 
microvolts. Such a method of measure- 
ment is slower but results in accuracies 
within eight per cent. 

The preceding comparison has been 
made on the basis of a sine wave of radio 
frequency produced by a signal generator. 
As the radio-influence voltage measured 
on electric apparatus is not usually sinu- 
soidal in character but may consist of a 
very irregular frequency spectrum, it is 
desirable to have some idea of the be- 
havior of the instruments on other types 
of waves. Since square-wave signal gen- 
erators are available, it was decided to 
compare the performance of the radio- 
noise meters on this type of wave. An 
interesting specimen measurement 
wherein the two noise-meter types were 
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compared for response is summarized in 
Table I. 

These measurements were made with 
the two meters connected in parallel on 
the square-wave generator following cali- 
brations of each instrument on a sine- 
wave signal generator at 1,000 kilocycles. 
A definite difference between the two 
instruments is indicated by these data 
over a wide range of voltage magnitudes. 
Type A reads on an average 37 per cent 
higher than type B. The obvious con- 
clusion is that setting on the internal cali- 
brator supplemented by sine-wave cali- 
bration may nevertheless result in con- 
siderable differences in readings for two 
instruments on different wave shapes. In 
view of the wide range of wave shapes and 
equivalent frequencies common to radio- 
noise phenomena, this circumstance shows 
a definite need for further work to reduce 
these differences. 

As regards comparisons between the 
two types of meters on measurement of 
radio-influence voltage of power appa- 
ratus, both high and low voltage, data of 
Table II are interesting. These compara- 
tive tests were made following a sine- 
wave calibration on the signal generator. 
Measurements were made in each case 
with the two instruments connected in 
parallel. 

As these data are backed up by sine- 
wave calibrations and were obtained with 
the two types of instruments connected 
in parallel and measured at the same time, 
they show directly a rather widely differ- 
ent instrument response. This difference 
in per cent ranges up to 35 per cent and 
persists over a wide range of noise-voltage 
magnitudes without any evident trend 
as to magnitude. 

Both types of instruments used in these 
tests are arranged by their designers to be 


Table Il. Comparison of Noise Meters on 
Power Apparatus 
Radio- g 
Influence = 9 
Voltage (ees. 
pees (Microvolts) A Fe a: 
; £3 Instruments 43 
6 62 =a aioe) 
z > bo < Q oper 
Oa o o O35 
f: Pen) Peaurrs uss 
« Hou «& a A 
1 iy. 4x0 450..+ 7.0 
Na POO XL, 9 O 
Insulator......... , » 
sehr os" 22 .. 4.200.. 4,900..—14.0 
28 5,200.. 6,000..—13.0 
2 10 2,100.. 1,900,.+10.0 
Mnaniator > 167. °7,900. = 3;200..— 3:0 
Coe rreky 22 ..13,000. .16,000..—19.0 
28 ..20,000. .23,000.. —13.0 
3 
Smalligao seems 14 . .23,000. .17,000.. +35.0 
4 0.115.. 290.. 250..+16.0 
1st small motor...0.115.. 1,600.. 1,200..+33.0 
5 0.115.. 1,300.. 1,600..—19.0 
2nd small motor...0.115.. 1,900.. 1,750..+ 8.0 
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357-4 


OVER 100,000 


100,000 


1201 TO |5,000-VOLT RANGE 


LIMIT — 10@0. MICROVOLTS gf 


OVER 100,000 


15,001 TO 4, 
37,000-VOLT RANGE 


RADIO-INFLUENCE VOLTAGE — MICROVOLTS 


37,001 TO 
73,000- 
VOLT RANGE 


LIMIT-5000 
MICROVOLTS 


Figure 2. Summary charts of radio-influence 
voltage data on high-voltage apparatus 


For 1,201- to 15,000-volt range each vertical 

line or dot represents five tests. For all other 

ranges each vertical line or dot represents 
one test 


A—New apparatus 

B—In service without complaints of radio noise 

C—Removed because of radio noise and com- 
plaints 


in general accord with the specifications.® 
Some investigational work has been di- 
rected toward the evaluation of instru- 
ment characteristics, such as detector- 
circuit time constants, to ascertain how 
variations in these might contribute to- 
ward measurement differences. To date 
this has not resulted in improved measure- 
ment accuracies. 

Consideration of the calibration prob- 
lem usually proceeds along the lines of 
specifying instrument-design details or 
specifying certain calibration waves. The 
present specifications cover only such 
over-all design features as seemed neces- 
sary to the duplication of radio-receiver 
characteristics pertinent to noise levels 
and the incorporation of good instrumenta- 
tion qualities. Specific details of circuits 
were not recommended and to the designer 
was left the freedom of selecting these and 
improving them when progress permitted. 
This attitude insures a situation in which 
advances in design are stimulated. 

However, from the above data which 
are believed to be generally representa- 
tive, it is obvious that further specifica- 
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tions are necessary. In view of the indi- 
cated importance of wave shape, it is 
desirable that steps be taken toward the 
specification of calibrating waves of repre- 
sentative shape and equivalent frequency. 
This has been suggested by one of the 
authors,? and proposals along similar 
lines have been made by others. 

The sine wave now occupies an impor- 
tant place in calibration, is readily ob- 
tained, and should be retained. To it 
might be added a square wave of variable 
duration and frequency. The wave front 
should be the maximum obtainable on a 
practical technical and economic basis. 
This wave should be available in either 
polarities to ground. 

For investigational purposes in arriving 
at the necessary wave shapes, a high- 
frequency damped oscillation of constant 
decrement and variable frequency of oc- 
currence might be tried. The waves 
might be examined by recording means 
such as a cathode-ray oscillograph. Suit- 
able oscillographs of high-writing speed 
are now available.*’® 

The use of recommended calibrating- 
wave shapes would provide for noise- 
meter calibration or check immediately at 
the place of noise measurement, or at 
least at one-or more reference places. 

It seems possible that the circuits for 
such calibrating-wave shapes might be 
standardized in sufficient detail (even to 
the length of leads, and so forth), so that 
the wave shapes would be very closely 
alike. Thus a certain degree of stand- 
ardization could be accomplished as to 
wave shape while noise-meter design 
problems are left entirely in the hands of 
the instrument designers where they are 
handled most capably. 

To use the radio-noise meter for 
measurement of radio-influence character- 
istics of apparatus, it is necessary in order 
to get comparable results to standardize 
on setup for making tests. A general rec- 
ommendation for the making of such tests 
is given in National Electrical Manu- 
facturers Association publication 107.4 
More specific test codes for particular 
types of apparatus are givenin the NEMA 
publication for that type of apparatus. 


V. Relation of Radio-Influence 
Voltages of Apparatus to 
Radio-Receiver Noise 


Two methods have been used whereby 
the radio-influence voltage measured on 
power apparatus at the factory may be 
interpreted as having quantitative sig- 
nificance in terms of radio-receiver noise 
in an average case. In one we analyze the 
measurements made on new apparatus in 
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Table Ill. Limits of Radio-Influence Voltage 
for High-Voltage Apparatus 


Limits of 
Circuit Radio- 
Voltage Influence 
Ratings Voltage 
(Range in Insulation Classes (Micro- 
Volts) (Kilovolts) volts) 
1,201-15,000 ..1.2-2.5-5.0-7.5/8.7-.. 1,000 
15 
15,001-37,000 . .23/25-34.5 . 2,500 
37,001-73,000 ..46-69 .. 5,000 
73,001—145,000. .92-115-138 . . 10,000 


la. No limits are included for equipment at cir- 
cuit voltage ratings above 145,000 volts because of 
present lack of data above this voltage class. 


1b. These values do not apply to insulators, as an 
independent set of values has already been estab- 
lished for them by NEMA, or to motors and genera- 
tors or thermionic devices, such as rectifiers and 
inverters. 


le. For switchgear assemblies there are not suffi- 
cient radio-influence voltage data on which to base 
a limit. 

ld. For transformers the limits are based on 
insulation class only. 


2. The radio-influence voltage limits given in this 
table apply to new apparatus tested in the tactory 
in accordance with the report of the Joint Co- 
ordination Committee on Radio Reception of EEI, 
NEMA, and RMA, entitled ‘‘Methods of Measuring 
Radio Noise’? (NEMA publication 107) 1940 and 
the apparatus test codes and test voltages for each 
type of apparatus, as approved by NEMA. 


3. If apparatus of any given insulation class is 
used on a circuit of higher-circuit voltage rating, the 
radio-influence limit and the test voltage for the 
apparatus shall be that corresponding to its insula- 
tion class and not to the insulation class of the cir- 
cuit on which it is used. 


4. For special apparatus having more than one 
rating the radio-influence limit and test voltage 
corresponding to the highest rating shall apply. 


the factory and the experience in the 
field with this apparatus to arrive at a 
reasonable limit. In the other we con- 
sider all the factors given in items 2 
through 8 of section III of this paper to 
obtain values for the following: 


1. The radio-influence voltage measured 
on the apparatus under standardized condi- 
tions (apparatus RIV). 


2. The radio-influence voltage measured 
on a power line to which this apparatus is 
connected (line RIV). 


8. The radio-influence voltage measured 
on or referred to a one-meter antenna at a 


standard position under this line (under 
line RIV). 


4. The radio-noise voltage measured on an 
antenna in proximity to this power line and 
referred to a one-meter antenna (antenna 
RNYV). 

5. The signal strength of the radio pro- 
gram being received. 


6. The signal to noise ratio in the receiving 
set. 


7. The susceptibility of the receiver and 
antenna system. 


1. Rapro-INFLUENCE VOLTAGE (RIV) oF 
APPARATUS 


For several years we have been collect- 
ing measured radio-influence voltage 
values on a wide range of types of power 
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Table IV. Comparison of Apparatus to 


_ On-Line Radio-Influence Voltages 


ad 
_ Measured Measured Radio-Influence 


Radio- Voltage (On-Line) 
< Influence 
Test Voltage . At End of Line 
Volt- onAp- At Apparatus (2 Miles) 
age paratus 
(Kilo- (Micro-  Micro- Micro- 
volts) volts) volts Ratio volts Ratio 


apparatus and circuit voltages. These 
have been classified in three groups, that 
is, new apparatus, apparatus in service 
with no complaints, and apparatus re- 
moved because of radio noise and radio- 
noise complaints. These data have been 
plotted on a summary chart classified 
into three voltage ranges, and this chart 
is shown in Figure 2. In the 1,201—15,000- 
volt range some 950 individual tests are 
summarized; in the 15,001—37,000-volt 
range, 130 tests, and in the 37,001-73,000- 
volt range, 94 tests. Radio-influence 
voltages ranging from a few microvolts 


~ to 100,000 and above are shown. 


From a study of such data it is possible 
to arrive at recommended levels for the 
limiting value of radio-influence voltage 
of apparatus. This has been done, and 
the recommended levels are shown on the 
curves and are also given in Table III. 
Such an approach to the question of limit- 
ing values is a direct one. It depends 
upon accumuiating sufficient field experi- 
ence with apparatus to obtain statistical 
data on which a conclusion may be 
reached. As time goes on and more data 
are accumulated, these can be used to 
confirm the original conclusions or to sug- 
gest desirable modifications of them. 

Another approach to the problem be- 
gins with the values on apparatus and 
proceeds through the several steps already 
outlined, such as radio-influence voltage 
on the power line, under the line, and on 
the antenna, and signal strength and 
signal to noise ratio. This approach re- 
quires the establishment of representative 
values for each of these quantities and 
then combines them all together to arrive 
at an over-all ratio. The ratio can then 
be used to interpret radio-influence volt- 
age of apparatus in terms of the quality 
of radio reception. This method will now 
be outlined. 


2. Ratio oF APPARATUS RIV TO 
On-LINE RIV 


Having the RIV of a given piece of 
apparatus when measured with the stand- 
ard factory setup, we must be able to 
form an estimate of the resulting RIV 
when this apparatus is connected to a 
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representative power line. The factory 
tests are made with 600 ohms across the 
apparatus, which resistance is intended to 
simulate line-surge impedance. How- 
ever, a wide range of impedance will al- 
ways be met with on power circuits. It 
is, therefore, necessary to resort to prac- 
tical measurements wherein factory tests 
are followed by connection of the appara- 
tus to line, and corresponding line radio- 
influence voltage measurements are taken, 
One such test is summarized in Table IV, 

This test made on a two-mile test line 
believed to be representative showed a 
ratio of 1.5 to 1 between apparatus RIV 
and on-line RIV. It also indicated an 
attenuation of 50 per cent radio-influence 
voltage per mile, which figure agrees 
closely with a series of tests made with 
sine waves on the same line. 


3. Ratro oF ON-LINE RIV To 
UNDER-LINE RIV 


Since in measurements in the field it is 
not possible to make measurements of the 
on-line RIV except in special cases, the 
common procedure has been to make 
measurements under the line. Such 
measurements of under-line RIV can be 
correlated with the on-line RIV by selec- 
tion of a suitable place under the line 
which can be used as a field-strength refer- 
ence point. The field-strength reference 
position which has been chosen as most 
significant and practical is one immedi- 
ately under the line and midway between 
the poles. The RIV measured on an an- 
tenna of one-meter effective height placed 
at this reference point is designated in 
this paper as the under-line RIV. Since 
this measurement is referred to a one- 
meter antenna, it gives the same nu- 
merical value as the field intensity of the 
noise phenomenon at the reference point 
which has been used by some investiga- 
tors. Corresponding measurements made 
on the line and under the line under speci- 
fied conditions will provide a ratio which 
can be used later to evaluate under-line 


Table V. Comparison of On-Line to Under- 
Line Radio-Influence Voltages 


Ratio 
On Line 
Test Point On-Line Under-Line 
Along the RIV RIV Under 
Line in Feet (Microvolts) (Microvolts) Line 
Ourada 7D OOO DBO ga stincnne 79 
ROOT Pe BIOO0 kc b MODY Poti ce 42 
1 400 Fans ve 63,000).5......5« 1 040).nm eam row 
5400-8 irene BSj000 5%... O20 eeu 67 
8,50050...5. 24,000; ..45. 800) sad eae 30 
LO} OO00k es avn LOS OOO 6 ote VR Gore Sie oc 61 
Average 55 


noise field strengths. To provide such a 
ratio, a series of measurements was made 
on the experimental line previously men- 
tioned using sine-wave line-voltage excita- 
tion at 1,000,000 cycles. This line aver- 
aged 28 feet in height and was terminated 
to ground through a surge impedance of 
600 ohms, and measurements were made 
at several points along the line as indi- 
cated in Table V. 

The on-line to under-line ratios range 
from 30 to 79 with an average of 55. Two 
factors at least are known to have con- 
tributed to this variation. These were 
uncertainties of electrical contact on the 
conductor for the on-line measurements 
and variations in line height. The test 
results of Table V, however, represent an 
average field situation and may, therefore, 
be used to provide the quantitative ratio 
necessary to this particular step between 
apparatus RIV and radio-receiver noise. 


4, RATIO OF UNDER-LINE RIV TO 
ANTENNA RNV 


Next in order, it is necessary to estab- 
lish a ratio between under-line and an- 
tenna voltages. If the antenna voltage is 
expressed in terms of a one-meter antenna, 
as previously described for the under-line 
measurement, such a significant ratio will 
result. A series of tests made in Canada 
by the radio division of the Department of 
Transport and directed by H. O. Merri- 
man include a large number of field 
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Table VI. Test Voltages for Radio-Influence Voltage Measurements 


Voltage Rating of Apparatus N ormally Used 


Lightning Arresters 


I II 1008 Distribution Cutouts 
ASA . 
Circuit Voltage Radio- Transformer Vv , VII Switchgear 
(Line-to Neutral/ Influence Insulation IV Un- VI Un- Vu 
Line-to-Line) Test Voltage Class Grounded grounded Grounded grounded ....... 
(Volts) -(Volts) (Ky) (Ky) (Kv) (Ky) (Ky) (Ky) 
1,440/2,500 TAO. an ont Dea rncrveks OTA ort oIG 2S. aerate SP ee wcre SOR rare 2.5 
2,500/4,330 PO. conan Or@erosac Daud 6 cict6 BOs shee Bi, nolo (ie Sh tere 5.0 
PSSA ATO non CilADEs oo ue B10 syansienss DOr pepsi Deen ae Oinecnneoe Gurnee ie 
4,160/7,200 Pte OCU wan Deis Sy igitenena eliiaero EXD Ad tonto. (Oh chnd OD arene hoe 
5,000/8,660 SOOO retin SAU tere eys WnaDiaseleierette HR Odom seo Gt yetersce 1D? Rateye oes 15.0 
7,200/12,470 TeOGO karte HEAR sa 5 016 7. OF catenins: WI KDs 56 son QRS satne TB eeieates 15.0 
7,960/13,800 SAGOS wis o ae 13,05 osg00 WHEO! ago 2% WSO, doo 1247, Lb ee foe 15.0 
8,650/15,000 9,500 oe sO Re peets L570 serene 15) Oereayeres LSet 20M. 15.0* 
13,300/23,000 .... 14,600...... DEON Ae no namaronomor Dou oh pud PAU me 3 nor DD tae aiews 23.0* 
19,990/34,500 .... 21,900...... By Re errs cin cathna Maa paca Oar cA Ot aera YEA cone 34,5* 
26,500/46,000 .... 29,3800...... AGI Ol Pics esters ate Sie oie etre teste evetecavavelten 40" Faces DO meee 46 .0* 
39,500/69,000 .... 48,900...... G9 Oicderarckapere Rei te eitswre cote thie Aree lied = GOS Sogo (oho aan 69 .0* 
53,000/92,000 .... 58,500...... DOV AO b Gre DiGcod Ono Maa bic oloOn BG 8 aces OT Mam atevus 115.0 
66,500/115,000.... 73,100...... IU Uae eats ain rene or holo o cost orieenD tice OT natives 2 a Merrene ier: 115.0* 
80,000/138,000.... 87,700...... RESTON ewe o oct ptestenn in teaser Ort 15 eee 138.0* 
93,000/161,000....102,400...... MGT Ose rpete cts. susherstel ert etie (or enurainarmnvenvas 145 eee NGS) G8 otek 161.0* 
113,000/196,000....124,600...... LOGO iene seek tetian srccabesit che says erate ee ie gere 160 = sneer ZO5H 2. mn 230.0 
132,500/230,000....146,200...... DS OO arereratraciviale's tokereta isola otek ta reees Ni Tele teen A 24D) aiatinens 230.0* 
165,500/287,500. ...182,000...... OLE ta. «NO LOE OOD SC CoM ote DAD RT occa SO2K anne 287 .5* 


* For the apparatus of columns IV through VIII an asterisk is placed on the line which gives the test volt- 


age (column II) for each apparatus rating. 


For transformers, test voltages shall be 110 per cent of the maximum rated line-to-neutral voltage but shall 
not exceed the maximum values (in column IT) corresponding to the insulation class of the transformer of 


column ITT. 


measurements bearing on this ratio. We 
are indebted to Mr. Merriman for permis- 
sion to use these results. Measurements 
were obtained on 35 antennas ranging in 
effective heights from 0.2 to 9 meters and 
located from 20 to 4,500 feet from power 
lines. Line voltages ranged from 10 to 
220 kv. It should be understood that the 
tests were conducted on outdoor antennas 
representing a selected group of installa- 
tions in which radio interference from 
power lines was reported to be particu- 
larly troublesome. Under-line-to-antenna 
voltage ratios derived from these measure- 
ments ranged from 0.25 to 50. The higher 
this ratio the lower the field from the 
power line picked up by the receiver an- 
tenna and the better the antenna system 
for good reception. These values are 
plotted on Figure 3 against percentage of 
antennas tested as ordinate. This ordi- 
nate percentage gives the proportion of 
receiver stations tested having higher 
under-line-to-antenna ratios than indi- 
cated by the corresponding abscissas. 


Table VII. Radio-Influence Voltage Limits o 
Plain Pin-Type Insulators 


60-Cycle Dry 
Flashever Rating 


Limit of Radio- 
Influence Voltage 


(Kv Rms) (Microvolts) 
Wpytqrandunes.bOcya saturation oe ons 2,500 
SLE COO aeraicenaearen eyes esperar 5,500 
SOitO 109 samataterna csketratsnes nee 8,000 
DLO CORO rete Meriva Boe elspa tace 12,000 
DO LOnLAO Soci mass cuetema rena, ursctvc a eis 16,000 
PS OREOT ZOO Aiorais pcr cettaetos cancers 25,000 
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Since this investigation was made mainly 
on ‘‘interference-affected”’ situations, the 
curve shows only 30 per cent of the an- 
tennas had a ratio higher than 3.2. The 
investigators estimated that, when all 
receivers were considered, approximately 
90 per cent of them would have ratios 
higher than 3.2. In accordance with these 
tests, Canadian Practice” sets a value of 
3.2 for the minimum permissible under- 
line-to-antenna ratio. This means that 
ratios less than this for line-to-antenna 
couplings do not measure up to the per- 
formance that reasonably may be re- 
quired for good reception. 


5. SIGNAL STRENGTH OF Rapio 
PROGRAM 


The required signal strength of the 
radio program for good reception has been 
estimated by various engineers to range 
from 10,000 microvolts per meter in large 
cities to 100 microvolts for sparsely 
settled rural areas. The Federal Com- 
munications Commission recognizes the 
area for good reception of certain types of 
stations as that covered by a signal field 
strength of 500 microvolts and for some 
other classes field strengths as low as 100 
microvolts. The Canadian regulations 
accept a level of signal field strength of 
500 microvolts per meter as a lower limit 
above which good reception is practically 
and economically achievable. 

It seems, therefore, reasonable to use 


the figure of 500 microvolts per meter as 


reference value for this study. 
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6. SIGNAL-TO-NOISE RATIO 


Several series of listener tests utilizing 
a range of types of radio noise at various 
signal strengths and noise levels have 
indicated that a signal-to-noise ratio of 
32 to 1 is an average ratio for use as a 
criterion of good reception. This ratio is 
accepted in the Canadian regulations.” 

A ratio of 40 decibels has been sug- 
gested by International Electrotechnical 
Commission as a suitable signal-to-noise 
value indicating, however, at the same 
time, that values higher than 30 decibels | 
have not been achieved in practice. Also, 
the FCC protects clear channel stations 
with a signal-to-noise ratio of 20 decibels. 
The test ratio of 32 to 1 (30 decibels), 
therefore, seems appropriate. 


7. AppaRATUS Limits DERIVED FROM 
THESE RATIOS 


Having discussed the several significant 
ratios and values, we may now use them to 
arrive at a reasonable value for the radio- 
influence voltage of apparatus. If the 
signal strength of 500 microvolts per 
meter at the radio receiver is divided by 
the signal-to-noise ratio of 32 to 1, an 
antenna radio-noise voltage of 15.6 micro- 
volts is obtained. Using this value with 
the under-line-to-antenna ratio of 3.2 
gives a value of 15.6 times 3.2 equal to 50 
microvolts per meter, which is, therefore, 
an upper limit of noise field intensity at 
the reference position under the line. 
This value can now be used with the other 
ratios to obtain an apparatus limit. For 
instance, on the 28-foot line previously 
referred to, with an apparatus-to-on-line 
ratio of 1.5 and an on-line-to-under-line 
ratio of 55, the apparatus limit for radio- 
influence voltage will be 50 times 1.5 
times 55 equal to 4,100 microvolts; also 
for a 35-foot line correcting the 55 ratio 
proportional to line height now becomes 
70 to 1 and gives an apparatus limit for 
radio-influence voltage of 50 times 1.5 
times 70 equal to 5,300 microvolts. 

These figures have direct significance 
when compared with the apparatus limits 
based on direct experience with factory- 
measured values as described in section 
V—1 of this paper and given in Table III. 


Table VIII. Radio-Influence Voltage Limits 
for ‘‘Radio-Freed”’ Pin-Type Insulators 


60-Cycle Dry 
Flashover Rating 


Limit of Radio- 
Influence Voltage 


(Ky Rms) (Microvolts) _ 
Wipntorandsincay One nnn een 0 
Lig Ra ohio Ps ae atetins Weistxaupencios 50 
80t0 09 foe me ee ene ee 100 
LIOtoyl 24 | ntietn e e ee 100 
E25 'tOy VAG i. stoked ste hen ao ey NCE Ree 200 
150 to; 200) aortrs, Sepsis Moe ee 200 
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, (aad 

is i v 
‘The greater part of the field data and 
experimental investigation represented in ; 
‘this analysis are derived from lines of Radio-Influence Voltage in Microvolts 
about 66-kv construction. The limit of 


5,000 microvolts for this circuit voltage of : 


Table IX. Radio-Influence Voltage Measurements on Insulators (Effect of Field Configuration) 


5 6 Dia Cc 
Table III is between the level for 28-foot- : ; ; Diagram C Diagram © 10-inch 
| ee e ; 4 10-Inch : 
and 35-foot high lines. It is apparent, Test Voltage Diagram A Diagram A Diagram B Bokace nee unis 
therefor e, that the limits reache d throuch Applied 10-Inch 5-Inch 10-Inch (2d Insulator (2d Insulator Moved to 72 
g (Ky—Rms) Sphere Sphere Sphere Nearb G 
both approaches are consistent. On : wu eee aay 
_lower-voltage lines the apparatus limits of 80 55 
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the necessary margin of safety consistent Bc Gn Chee es GER? gor eae CO iin, aS ae 130 
with their frequent location closer to radio Tas Yaa: hes TER tc eae. WAGO seeds fees BRO catdtah in «aes. 1d.0cn 680 


“receivers. Also, the higher-voltage range 

at 10,000 microvolts should be acceptable, 
_ because distances to receivers are greater, 
and because up to this time interference 


a ee ee ee en 
‘The figures of column 3 show the increase in voltage obtained with the substitution of the smaller five-inch 
sphere for the ten-inch. The increase is particularly pronounced for the lower voltages. In the fourth 
column the ten-inch sphere was located immediately on top of the insulator, resulting in a marked increase 
in voltage due to discharge in the crevices between hardware and porcelain. The fifth column shows that 
just locating an insulator nearby gives a marked increase in voltage, presumably through changes in field 
configuration. Grounding the second insulator further increases the voltage as shown in column 6, and 


experience has not been sufficient to indi- 
cate any practical necessity of a lower 
limit. 

The problem of practical limits for fac- 
tory tests of radio-influence voltage on 
_ apparatus has now been considered from 
two standpoints, first that of direct ex- 
perience with factory measurements on 
apparatus, and second that of experi- 
mental determination of significant coup- 
ling ratios between apparatus and receiver 
set. The limits arrived at from these two 
standpoints are in good agreement. 

The values given in Table III have been 
adopted as limits by many NEMA sec- 
tions for high-voltage apparatus. 


VI. Radio-Influence Test Voltages 
for Apparatus 


Radio-influence voltages on apparatus 
generally increase with increasing applied 
voltage. Consequently suitable influence- 
voltage limits will of necessity be tied in 
with applied test voltages which will bear 
definite relation to the apparatus circuit 


A 
SPHERE ON TOP 
OF INSULATOR 
8 
(c) 
= 
TEST a) NEARBY 
INSULATOR ¢&— INSULATOR 
aa) 
==) 
ae 
c 


Figure 4. Radio-influence voltage tests on 
pedestal insulators 
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moving it further away gives the expected decrease of column 7, These results are typical and show how 


important are the details of circuit arrangements for such tests. 


voltage. When this is done, all apparatus 
used on the same circuit will have a com- 
mon standard test voltage. Because dif- 
ferent kinds of apparatus have different 
rating bases, it has been found necessary 
to work out a common basis for as wide a 
range of apparatus types as possible. 

The circuit voltage determines the volt- 
age stress to ground that is applied to the 
connected apparatus, and hence it appears 
logical that the circuit voltage should be 
used as the basis for establishing the test 
voltage. Since some apparatus is de- 
signed for use on several different circuit 
voltages, the standard test voltage for 
such apparatus should be based on the 
maximum circuit voltage for which such 
apparatus is rated. 

It is recognized that in some cases the 
test voltage is less than the rated voltage 
of the apparatus. However, it will be 
found that in such cases the rating of the 
apparatus is not based upon the sustained 
voltage but upon abnormal conditions. 

Table VI lists the various three-phase 
line-to-line circuit voltages with the cor- 
responding line-to-neutral voltages. It 
gives a standard test voltage that is based 
on 110 per cent of the line-to-neutral cir- 
cuit voltage and shows how standard ap- 
paratus normally would be applied and 
tested. For transformers the test voltage 
is 110 per cent of the maximum rated line- 
to-neutral voltage, which is the highest 
rated tap voltage for wye-connected trans- 
formers and the highest rated tap voltage 
divided by the square root of 3 for delta- 
connected transformers, but shall not 
exceed the highest values in column IV for 
the insulation class of the winding of 
column III. These values have been 
standardized by NEMA and appear to 
the extent required in the appropriate 
high-voltage-apparatus publications to 
which reference should be made for spe- 
cific types. 
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VII. Insulators 


Experience in the fields of apparatus 
and line insulators has indicated these to 
be occasional sources of radio interference. 
Probably the most common case is that 
wherein a radio-influence voltage results 
from the breakdown of a small air gap 
between tie wire and insulator or spark- 
over in a crevice of a defective insulator. 
Particular defective insulator units must 
be located and removed. Generally plain 
pin-type units will produce not more than 
the levels of influence voltage shown in 
Table VII. 

In many localities well-served by broad- 
casting stations, plain pin-type insulators 
have been used satisfactorily. However, 
the values of Table VII are substantially 
above the apparatus limits of Table ITI. 
Accordingly, insulator users and manu- 
facturers have directed attention to the 
reduction of radio-influence voltages for 
insulators. In this marked success has 
been achieved. One user in a locality 
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Figure 5. Variation of radio-influence voltage 
with humidity on high-voltage insulators 
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Table X. Radio-Influence-Voltage Tests on Insulators 


(Effect of Paralleling Units) 


i i Calculated 
Test Insulator Units Paralleled Units 
Voltage (Microvolts), Individual Tests (Microvolts) Root-Sum-Square 
‘Applied 
(Ky Rms) 1% 2 3 4 5 6 i 8 6-7 3, Dy On Taal S 6-7 33D, 05,7) All 8 
5 q 000.... 12,200 

OSE yen: MOO OO), 0 LEROO, 0 SHO Os oo ABO Wn os GAN) ON a LOOMS io olla). 55 6 0 OOS ae tab ; 
16S wc 14°500% 217,500. .- 17,500, . .13,500)) 17,5008 26 17,000)... 10,000) 1 18,500 19,509. ..27,000....35,000......23,500. . po4,000 eee oe 
DORE e thas 25,000. . .382,000....32,000. . .24,000....32,000. . .31,000....27,000. . . 23,000 30,000. . .46,000....64,000...... 42,500.-. .62,500.... es nts 
ZO rm tr eRe 44,000. ..48,000....49,000. . .39,000....46,000. . .42,000....39,000. . .39,000 +. %3;000) sy nd 0007 rer 57,000. . .88,000....122, 


* The eight insulators used were numbered 1 to 8. 


not well-served by broadcasting stations 
has worked out a method of applying an 
asphalt emulsion!?!° to each insulator 
which gives very low levels. Insulator 
manufacturers have given considerable at- 
tention to the problem, and as a result 
“radio-freed” pin-type insulators are now 
available. 

In an effort to set up reference standards 
significant to the levels achievable through 
this special design, the insulator group of 
NEMA has agreed upon the values of 
Table VIII. 

Since we have two types of insulators, 
the plain and radio-freed, and two corre- 
sponding sets of limits for radio-noise- 
influence characteristics, it seems logical 
to assume that these limits are based upon 
the values it is possible to achieve under 
the manufacturing conditions pertaining 
to each type of insulator. 


VIII. Radio-Influence-Voltage 
Variables in Apparatus Testing 


As high-voltage apparatus testing for 
radio influence has progressed, experience 
has focused attention on several factors 
which affect apparatus levels in very pro- 
nounced measure. Among these are volt- 
age field configurations, paralleled appa- 
ratus units, time of voltage application, 
and humidity. 


1. VOLTAGE FIELD CONFIGURATIONS 


Considerable variation in testing may 
result when dielectric field distributions 
around test connections between supply 
voltage apparatus and test-piece and 
measurement equipment are altered. 
Very largely the threshold voltage at 


Table XI. Comparison of Measured with Cal- 
culated Values on Paralleled Units 


Root-Sum-Square Value 


Ratio: 

Test Measured Value 

Voltage 

(Kilo- Insulators Insulators 

volts) 6 and 7 SD OSE. All 8 
Opes a ee 1.03). Saks), 1,06 
Li Giieare sacs 1.31 1,26 1.29 
22a eine te Vga Di 3 ares, 1.36 1.28 
DRY Wy ee ih Wocede omen are 1 

] 


Average ratio 
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which considerable noise begins and the 
amount of influence voltage as dependent 
upon the number and extent of field-volt- 
age gradients concentrated -at particular 
points of small radius of curvature on the 
test piece or test circuit. Such field con- 
centrations will be altered in degree with 
every change of circuit, and it is, therefore, 
important that attention be given to them 
in making a test setup. To illustrate this 
effect a brief description of a test wherein 
it is involved in a very conspicuous man- 
ner is given. 

A pedestal insulator was being tested 
by arrangements shown in Figure 4. 
Voltages were applied to arrangements A, 
B, and C, and radio-influence voltages 
were measured. The results are given in 
Table IX. 


2. PARALLELED UNITS OF THE SAME 
APPARATUS 


Radio-influence voltages generally in- 
crease when additional units of a particu- 
lar type are added to the test circuit. The 


’ amount of this increase has not been con- 


firmed by sufficient data to provide for 
good understanding on this point. Ac- 
cording to local experience the custom has 
ranged from using the single-unit value to 
multiplying it by the number of units in 
parallel. Results of a practical test on 
this point are summarized in Table X. 

It is obvious from these results that ad- 
ditional units increase the measured radio 
influence definitely, but that this increase 
is not in proportion to the number of units 
added. Some observation of high-voltage 
radio-interference phenomena by oscillo- 
graph has shown the voltage waves to be 
quite variable in duration, amplitude, and 
time of occurrence. When additional 
units are added, presumably crests do not 
correspond, or the new waves are added 
in time between the old. For practical 
purposes the method of estimating the 
results for added units by the root-sum- 
square method has been found satisfac- 
tory. This method is applied by adding 
the squares of individual unit results and 
taking the square root of this sum. Ap- 
plied to the results of Table X, values as 
given in Table XI are obtained. 
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It is apparent that, calculated in this 
manner, values somewhat higher than the 
combined measured values are obtained. 
This test shows the calculated values to 
range some 23 per cent higher than the 
measured. A value thus obtained is con- 
sidered to be a good conservative esti- 
mate. 


3. Time FACTOR IN VOLTAGE 
APPLICATION 


Radio-influence voltage varies with 
time of voltage application, particularly 
within the first few minutes. This is il- 
lustrated by a test summarized in Table 
XII made on a pin-type insulator at 22 kv 


Table XII. Radio-Influence-Voltage Waria- 
tion With Time of Applied Voltage 


Time Radio-Influence Voltage 
(Minutes) (Microvolts) 
Ue t i iregei th Re BRC Nici 3 7,700 
ayers yetloy “uae rabatiok ogc aeae ER 6,000 
Big. chart whe alee phe Gl eT Ae a eae 5,600 
DS isisyDdsca sila qsransgarerces 2 aera 5,000 
Aes ridae 2c cS oe devas eae eee 4,500 
Diane Skid b Stee aiak tae alee mua 4,400 
LO, Y wic.et sherpaicio ten, ae sore eee 4,200 
DB. « Wale gioteave he eto. See 3,900 
ZO ie Syinea BIg oso eee 3,800 


and at 0.34 inch of mercury atmospheric 
vapor pressure. 

In this case, as is usually found with 
insulators, the radio-influence voltage de- 
creased rapidly at first and then slowly, so 
that in some 20 minutes a constant value 
was obtained. Some other types of ap- 
paratus show an increasing influence volt- 
age with time of application. Experience, 
therefore, indicates that, to obtain values 
which will check from day to day or from 
one test set to another, a common time of 
voltage application is required. The one- 
minute value gives ample time for a short- 
time test and is practical in that it does 
not require excessive waiting. However, 
the longer time values are possibly more 
in agreement with the continuous values 
consistent with service performance of 
apparatus. A five-minute test generally 
has been viewed as a good compromise and 
is now contained in a number of apparatus 
test codes. 
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4. Humrprry 


Measurement experience has shown 
that in many cases atmospheric humidity 
has a substantial effect on radio-influence 
voltages of apparatus. A good example 
is that of porcelain insulators, with which 
this variation may be as much as 4 to 1 
over the normal range of atmospheric 
humidity conditions. A- specimen-test 
result showing influence-voltage varia- 
tions at several voltage levels on a stand- 
ard pin-type insulator is shown in 
Figure 5. 

This test was made in a closed chamber 
in which the atmosphere could be arti- 
ficially reduced by suitable dryers, so that 
a range from 0.03 inch of mercury vapor 
pressure to 0.6 inch was obtained. The 
humidity was measured with a dew point 
potentiometer, and data of radio-influence 
voltage variations were obtained at 10 kv, 
16 kv, 22 kv, and 28 kv. The marked 
increase in voltage as humidity decreased 
is consistent at all voltage levels tested. 
The normal test voltage for this insulator 
is 22 kv, and the limiting value of radio- 
influence voltage, 12,000 microvolts from 
Table VII. 

Adding moisture until precipitation 
takes place has a varied effect. When 
water droplets fill in small crevices be- 
tween conductor and insulation, in which 
local breakdown occurs, the influence volt- 
age will decrease, because the water shifts 
the voltage across the crevice to other 
parts of the dielectric in series. But the 
converse of a higher influence voltage 
may result, if droplets form projections 
of small radius on an otherwise smooth 
surface. In this case the voltage gradient 
at the droplet increases, and additional 
local disruption gives rise to increased 
radio-influence voltage. Humidity then 
is another factor contributing to influence 
voltage level which must be reckoned 
with in testing and considered in cases of 
field interference. ° 
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IX. Conclusions 


1. Use of the present available radio-noise 
meters when utilized only with the internal 
calibrator gives results within +50 per cent 
im measurements on sine waves of radio 
frequency. 


2. Use of a sine-wave signal generator to 


calibrate the noise-meter results in marked 
improvement and permits obtaining checks 
on sine waves of radio frequency to within 
eight per cent. 


3. Even when calibrated on a signal gen- 
erator, the results with different r -noise 
meters, when used to measure 0 a given 
square wave, may differ by 87 per cent. 
Differing types of apparatus noise also result 
in similar meter differences. 


+. Asan improved instrument-performance 
specification, it is recommended that one or 
more calibration waves of varied and repre- 
entative shapes be adopted. 


5. Limits for the radio-influence voltage of 
apparatus derived on the basis of apparatus 
measurement and field experience are given 
in Table III. These are the same as the 
values adopted by many sections of NEMA 
for high-voltage apparatus. 


6. To bridge the gap between radio-in- 
fluence voltages of apparatus measured in 
the factory and noise measured on a radio- 
receiver set, a series of values is found 
valuable. These ratios are— 


(a). Apparatus-to-on-line ratio, 1.5 to 1. 
(6). On-line-to-under-line ratio, 70 to 1. 
(c). Under-line-to-receiver-antenna ratio, 3.2 to 1, 


(d). Signal-to-noise ratio, 32 to 1. 


7. Apparatus limits for radio-influence 
voltage given in Table III and derived on the 
basis of apparatus measurement and field 
experience agree with limits as found 
through the use of field measurements and 
ratios as in conclusion 6. 


8. Based on these ratios and assuming an 
antenna signal strength of 500 microvolts 
per meter and a signal-to-noise ratio of 
32 to 1, a relative radio-influence voltage 
level for apparatus limits is derived. This 
level agrees with those of Table III based 
on factory tests and field experience. 


9. To provide for the testing of all ap- 
paratus used on the same circuit, a standard 
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set of test voltages for many types of high- 
voltage apparatus has been standardized as 
given in Table VI. 


10. Factors which must be controlled 
in the measurement of radio-influence volt- 
age in apparatus are voltage field configura- 
tions, number of test parts in parallel, time 
of voltage application, and humidity. To 
provide good measurement checks, these 
factors should be included in individual 
apparatus test codes. 
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Open-Delta Transformer Banks— 
Analysis of Circuit 


J. E. CLEM 


FELLOW AIEE 


HEN a three-phase transformer 

bank is operated in open delta, an 
unbalanced secondary voltage results, 
and the transformers themselves may be 
overloaded. The unbalanced voltage 
will cause a circulating current to flow 
which may cause overheating of the 
equipment in the secondary circuit to an 
extent depending upon the amount of the 
voltage unbalance and the load being 
carried. Wolf and Mattison! have de- 
scribed a method of overcoming the 
voltage unbalance, and this paper is 
written to mention briefly the effect of 
unbalanced voltages on the operation of 
induction motors and to present an analy- 
sis of the circuit, together with some cor- 
related material. 

Open-delta operation of transformers 
will set up negative-sequence voltages in 
the secondary circuit which may cause 
increased heating of induction motors. 
Whether or not this increased heating is 
serious depends upon the load being car- 
ried by the motors and their temperature- 
rise characteristics. 

The unbalance of the secondary volt- 
ages can be reduced to a negligible value 
by the addition of capacitance to the cir- 
cuit, and a method is given of estimating 
the required amount and its distribution. 

Existing methods of calculating regula- 
tion of open-delta transformer banks are 
not suitable for the analysis of this prob- 
lem, and a new method is presented to- 
gether with a method of calculating the 
positive and negative components of the 
current necessary for the application of 
the new method. 


Effect of Unbalanced Voltages on 
Motor Operation 


The unbalanced voltages resulting from 
open-delta operation are detrimental to 
the operation of induction motors in the 
secondary circuit and result in a reduction 
in torque and an increase in heating. 


Paper 43-45, recommended by the AIEE com- 
mittees on electrical machinery and power trans- 
mission and distribution for presentation at the 
AJEE national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 24, 1942; made available for printing 
December 22, 1942 


J. E. CLM is in the central station engineering de- 
partment, General Electric Company, Schenectady, 
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The amount of voltage unbalance de- 
pends, not only upon the reactance of the 
transformer, but also upon the magni- 
tude and type of load. The greatest un- 
balance will occur when all the load is 
static and the least when all the load is 
rotating. However, a given negative- 
sequence reactance applied to an induc- 
tion motor produces a definite negative- 
sequence current of a magnitude de- 
pending only upon the characteristics 
of the motor. 


There is a reduction in torque, because 
the positive-sequence voltage applied to 
the motor is reduced. For example, in 
Figure 4 of the Wolf—Mattison paper, 
the positive-sequence line-to-neutral sec- 
ondary voltage for the closed-delta case 
is 335.2 volts, with an applied line-to-line 
equivalent voltage of 615 volts, and it is 
reduced to 319.8 volts for the open-delta 
case, with line-to-line equivalent voltage 
of 622. This represents a reduction in 
torque of nine per cent, and, in addition, 
the negative-sequence voltage introduces 
a small (usually negligible) torque in the 
reverse direction. Since the required 
mechanical output is unchanged, the 
current must increase to maintain the 
load, and increased heating results. 

The unbalanced regulation of the open- 
delta bank introduces a negative-se- 
quence voltage which, in turn, causes 
negative-sequence current to flow, and a 
further increase in heating results. The 
negative-sequence impedance of induc- 
tion motors may be in the order of 10 
to 25 per cent, so that a relatively small 
per-unit negative-sequence voltage causes 
a relatively larger current to circulate. 
The increase in losses is illustrated in 
Figure 1 for two types of induction motors. 
A ten per cent negative-sequence voltage 
may cause an increase in total loss, rang- 
ing from 33 to 93 per cent at full load, 
depending upon the characteristics of the 
motor, 

The extra loss is revealed as increased 
heating in the motor. If the excess loss 
were evenly distributed among the three 
phases, the overheating would be pro- 
portional roughly to the excess losses. 
However, the current unbalance is such 
that the overcurrent flows through one 
phase of wye-connected motors or through 
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two phases of delta-connected motors, 
resulting in local overheating and rela- 
tively greater excess temperatures than 
indicated by the over-all excess losses. 

Whether or not this overheating is 
serious will depend upon the loading of 
the motor and the closeness of the design. 
If the motor is underloaded or has a 
liberal margin in the temperature-rise 
performance, the increased heating prob- 
ably will not be harmful. If, however, 
the motors are fully loaded and already 
operating at a temperature close to the 
maximum temperature for which a 
reasonable length of life may be ex- 
pected, the overheating caused by the 
excess losses may be disastrous. 


Regulation of Open-Delta 
Transformer Banks 


The usual approximate formulas? given 
for the calculation of the regulation of 
open-delta transformer banks are de- 
rived upon the assumption of balanced 
voltages and currents. Since this con- 
dition does not exist in the secondary 
circuit of an open-delta bank, the results 
are in error to a greater or less degree, 
and the formulas cannot be used for an 
analysis of this nature. 

The regulation of an open-delta trans- 
former bank may be developed as follows. 
See Figure 2, Figure 3a, and Figure 8. 

The voltage and current relationships 
are 


Exp=EqtlaZ; Tn =I 
Epc=ExetIp Zt I, =0 (1) 
Ecu= canadeale T.g=—Ic 


and from these 


Exp = Eqn +IpZ,=Eqt+eap 
Exo =Ey.+ Ie—Ip)Z14=Ep_et+ enc (2) 
Eca = Eg —1¢Z,=E pg tea 


a 
RATIO OF TOTAL LOSSES 


——I 
Ol 02 03 04 05 06 07 08 09 10 
PER UNIT NEGATIVE SEQUENCE VOLTAGE 


Figure 1. Variation in total loss of two types 
of induction motors caused by negative-se- 
quence voltage 


Motors maintain full mechanical output, and 
positive-sequence voltage decreases 
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In the foregoing it is presumed that 
the phase angle of J; in reference to 
Ez, and so forth, is known. 


If we write 
eqn =I sZ, = UaitTn:)Z, 
€ne= (Ic—In)Z,; = (Te. —I, +Ie2—Ins)Z; 
Cca= —IcZ; =—Uat+le)Z: (3) 


it can be shown easily from formula 3 
and Figure 8 that 


(—1+a?) (20 4,—I 42) 

ean = ; = 2 Zt 
3 

and 


Aa § —I 2 
ea = Al : A2 z 


ft -ta)(—T 421) 
‘ab2 = 3 Z, 


(4) 


t 
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ego > 


and also 


Tai tT go 
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a 3 Zi +: 


_ @a*?—a )T gi + (Qa—a?) I 4o 
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2 
>) 


_ 2Ip—Ic 
e. 3 
= (2a —a?)I 4, + (2a?—a)I 45 


Zt (4a) 


Z; 


e- 


From formula 4 and Figure 3a we 
can write the expressions for the total 
positive and negative voltages in the 


circuit. They are 
22 Wd, 
Ey wt 2.4 1) = = 


(5) 
Zi 2) 
— ae I, Z» ore 


These expressions, formula 5, yield the 
equivalent circuit shown in Figure 3b. 
It is interesting to note that this is identi- 
cal with the equivalent circuit for open- 
delta transformer banks originally de- 
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Figure 2(left). Rep- 

resentation of open- 

delta transformer 

bank with direction 

of power flow indi- 
cated 


Figure 3 (right). 
Representation of 
complete circuit with 
open-delta _trans- 
former bank and the 
corresponding equiv- 
alent circuit 


veloped by Edith Clarke in 1934 using 
an entirely different approach. 

The sequence currents may be cal- 
culated as follows: 


2 
Z2+-—Z, 
a = oe (6) 
al a D 
Z,/3 
Iq2= Iq eh (7) 
Z.+-Z 
ate t 
in which 
p=(2.+22,)(z+22 1. 8 
1; ot alg pe (8) 


Z,=positive-sequence impedance external 
to the transformer 

Z2=negative-sequence impedance external 
to the transformer 


Again we write from formulas 2 and 3 


Eyg=E.tInZ,+-1 32; 
Epc=Eyet+ Ula —Ip)Z,+ Tc2—Tn2)Z, 
Eog = Ec —TZ1—-T 022, 


(9) 


In the foregoing the voltage drop in 
the open-delta bank between the primary 
and secondary windings is made up of the 
drop resulting from two symmetrical 
currents. Also, we may look upon the 
primary voltages as those existing before 
the transformers are loaded, and there- 


3b 


fore they are a set of symmetrical volt- 
ages. 

This permits a simplification in the 
expression to the following: 
Eqp=Egn— (IZ Ort) + 

TZ) 

Ex. = Epo —(V/ 31 ZO — 
JBI 42Z,e!($*)) (10) 
Beg =E ga (Lay Ze OO) 1 Ze! Ot )) 


In this equation the angle ¢ is the 
angle of the transformer impedance, #, and 
@, are the phase angles of the positive- 
and negative-sequence currents, 74, and 
I 42, in reference to Ey. The angles 6 and 
0, are negative for lagging current and 
positive for leading current. 

The foregoing equation 10 permits the 
determination of the voltage drop for 
each phase, the second term on right 
side of each expression. When this 
voltage drop is expressed on a per cent or 
per-unit basis, any of the conventional 
expressions’ may be used to calculate 
the regulation, depending upon the de- 
gree of accuracy required. 

In each of the foregoing equations 10 
the reference vector for each secondary 
voltage is its respective primary voltage. 
On further expansion and with the usual 
approximations introduced, the positive- 
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Figure 4A. Vector diagram showing Io 

voltages and currents for open-delta 

operation with no corrective capaci- 
tance 


Figure 4B. Vector 
diagram showing 
voltages and load 
current and trans- 
former current with 
corrective capaci- 
tance added 


Ip 


sequence parts will yield the conventional 
form? given for the calculation of the 
regulation of open-delta transformer 
banks. 

Assume three voltage values Hyy, Ey, 
and E,,, together with three current 
values I4, Ip, and I,, have been meas- 
ured. Then we can write (see Figure 7) 
Eqn = Ean I,=I4 
Es, = Eye b) I z lipo hes AB) 
Eq = Ege To =Tgei08-CA) 


(11) 


in which the angles are determined as 
indicated in Figure 7, but it should be 
noted fully that the voltage angle ab 
need not be the same necessarily as the 
current angle AB. The line-to-neutral 
voltages, E,, E,, and E,, may be deter- 


294 TRANSACTIONS 


mined from the line-to-line voltages 
(see Figure 7), or equation 4a, and the 
phase angle between the voltages and 
current can be determined from the 
measurement of the total watts output. 
Once these negative values of voltage 
and current are determined, sufficient in- 
formation is available to determine the 
sequence current (for use in 10) and 


Ta 


then to determine the per-unit impedance 
voltage (12 and 12a) in magnitude and 
phase angle, to be used in the calculation 
of regulation. On the other hand, if the 
constants of the circuit are known, the 
sequence currents may be evaluated by 
use of equations 6 and 7. 


New Formula for Precise 
Calculation of Transformer 
Regulation 


Some of the conventional approximate 
formulas*® for regulation are subject to 
appreciable error when the per-unit drop 
is above the usual values. Accordingly, 
the following new method of calculating 


Clem—Open-Delta Transformer Banks 


regulation is offered, which permits cal- 
culation to any desired precision. 

Express one of the foregoing expressions 
as: 
E;= EB es (IpZieo tee Bi Ay A ie) 8 

= E,—Ep se” (12) 


anb then, if we let 


(12a) 


and then 


Ey j0 
—=] é/ 
Es Wes 


there results 


ae 1+p cos 0+jp sin 0 


=f: 


(13) 


Per-unit regulation, 


The expression pe” = p (sin 6+7 cos 4) 
represents the per-unit impedance drop 
in magnitude and position. For this 
particular problem the proper values to 
use are obtained from equation 10. 

By this method the regulation may be 
calculated to any precision justified by 
the supporting data, and this method has 
been incorporated by the writer in the 
latest revision of American Standard for 
Transformers, C-57.1, and was included in 
the report of the subcommittee respon- 
sible for the revision of section 4 of C-57. 


Calculation of Regulation 
At this point the regulation for the 


open-delta condition of case 2 of Figure 
4 of the Wolf—Mattison paper will be 


Tite ip 


Figure 5. Secondary side of open-delta trans- 
former bank showing phases to which corrective 
capacitance is added 
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Figure 6A. Chart showing relationship be- 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 


calculated. The per-unit impedance of 
the transformer is 0.0592 at 522 amperes, 
and the impedance angle ¢@ is 82.52 
degrees. (All numerical values of angles 
are in degrees.) 


Then 


F, = (1,230 — 78.7) €4 85.29 = 1,230¢-28**7* 
h= (270 + 78.7) €735.9 =270.1 €—I33-44 
Z,= 0.0592 782.52 


In the preceding equation for 4, and 
T,, the reference vector is £,, whereas in 
equation 10 the reference vector is 
E,. The angle between E, and E, may 
be found from the following: 


I4Z, sin (¢+6) 
34+14Z; cos (+6) 


tan B= 


which gives 
B=0.78 


and then 0,=36.48, and 6,=34.22, so 
that 


$+6,+30=76.04 
and 


o+62—90 = 41.70 


o+6, =46.04 
and 


+6; —30= 16.04 
and 
¢+6.+90 = 138.30 


co X 0.0592 = 0.1395 
522 


_ X 0.0592 = 0.03064 
522 
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Figure 6B. Chart showing relationship be- 
tween the amount of corrective capacitance 
added, the resultant current in the transformer, 
and the phase angle between the transformer 
current and the transformer voltages 


For oe 


be 


Then for phase AB 


pe® =0.1395 e744. 0.03064e7741'7° 
=0.0566+ 70.115 
a=0.0648 
Per-unit regulation =0.0628 for phase AB 


And in a similar manner for the other 
phases there results the data shown in 
Table A. 

This is a reasonably good check. The 


Figure 7. Wector diagram illustrating simplified 

method of finding line-to-neutral voltage and 

the positive- and negative-sequence compo- 

nents from a set of unbalanced line-to-line 

voltages, when no zero-sequence voltage is 
present 


Other angles in similar manner. 
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Figure 6C. Chart showing relationship be- 

tween the amount of corrective capacitance 

added, the resultant current in the transformer, 

and the phase angle between the transformer 
current and the transformer voltages 


| 
Forn=“=91/, 
be 


per-unit values are all on the basis of the 
rated output voltage—575 volts. 


Analysis of Data, Figure 4 of the 
Wolf—Mattison Paper 


In Table I is shown an analysis of the 
data in Figure 4 of the Wolf—Mattison 
paper, giving the measured and certain 
derived values. The phase angle between 
E, and I, is predicated upon the require- 
ment that the calculated output of the 
two transformers must equal the meas- 
ured value. This information is shown 
in Figures 4a and 4b. 

The positive- and negative-sequence 
components for the open-delta operation, 
Figure 4a, are without capacitance. 

Eq, =319.4 —j16.38 

T4,= (1,230 —78.7)e 72.28 
Eq=9.4+j16.83 

T4o=( 270+ 78.7) €—785.29 
and with corrective capacitance added 
Eq, =344.3 —j3.31 T 4, =1,166.5€773. 59 


Eq: = 0.854 93.31 T 4p =33.5€- 736.50 


All angles acute. 


xt=g(2et— bi Qc%), a2 =9x?4 9y?—7z*, and so forth 


Exn=Eap E,=E, 
= E pce 7 (180-26) 


Ee = Eee e@) 


1 ot 7 me 
Ee = Faatig jqlba—Ecditas=5 
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E,, = E,e71(180-y) 

2 

FE. =E ¢/(180-zx) 
Cc c 


x?-+ y?—z? c+txt—z 
COS CX = 
Oxy 9cx 
Bie et Fane aes ) 
(xa+ab) 


a Jj 
Exo=Exce 
| eh = Eq tre 


4 fel il | 
Ean aa gFaatig 7g (Esc— Eo siE ass = gFas—ig 7g (Ese Eca) 


1 1 
Up ir = ES 
ES oR B 0) 
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345-8 


i 
Egc | vector 


Forward (positive) sequence 


Bea): 
Figure 8. 


C (6). Backward (negative) sequence 


Chart showing certain sequence relationships used in the text 


— 


Positive Sequence 


Negative Sequence 


E,=E,e° =E, la= =/,€9 
E, ES Eee as aE, I, = Ine" (9-120) __ alge. 
Eee Eee era lev) —al,e 


E,=E,6° =E, 

E,=E,e7" = aE, 
—7480 

E-=tyer = 1a"e,, 


Ih = = [,€° 
f,=1,60-*™ = ale” 
f=! O— ©) = a2le” 


Ia 
E,=(—1+4%)E, fav= En=(—1+4)E, eae 
ee) =V/3E.™ OS ae 
=a = ef gi (o+180) 
3 a 
! 
E,,=(—a2+a)E, = ° ‘j Ey, =(—a+a?)Eq == In a 
=1/3E,€ ges =V/3E.e™ atta 
ee! Sian ee) | <i(0—%) 
Eqg=(—a?+1)E, he 
a _ lt ay 
Ee See lea = —a?+1 a W/ayane Lo mie 
= ae — 
A 1 j150 1 (8+30 
3 E,=—= E,,¢’" =—~ |, 4) 
4 f ‘ a ab a 
2a Ee I= V 3lae” v3 v3 
1 aes aE ne (1° I,=~/3lane? 
By=— etme. p= ~/ 3a ne” v3 j 
/3 iw I = 3a? 
4 7150 Bal alld coos aE pe 71°° aes 
Boe a at I,=~/3alar€ V3 I, =~+/3a7E” 


Use subscript 1, for example, E,, 


Use subscript 2, for example, Eqs 


In these expressions E, is the reference 
vector. 

From these data it is seen that open- 
delta operation in this particular case 
introduces 6 per cent negative-sequence 
voltage, which in turn introduces a 22 
per cent negative-sequence current. 

In Figure 4b the voltage and load cur- 
rents are seen to be closely balanced, 
and this has been accomplished by the 
addition of capacitance current in certain 
proportions (see Figure 5) as described 
by Wolf and Mattison. 

The current J, in the leading phase 
AB has been advanced slightly in phase 
(Figure 4b), and thus its phase angle is 
reduced in reference to the voltage AB, 
and at the same time it is reduced in 
magnitude. The current I, in the leading 
phase has been advanced greatly in 
phase, and this also reduces its (reversed) 
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phase angle in reference to the voltage 
CA and, at the same time, its magnitude. 
After this modification has been made, 
current J,, leads its voltage E,, by 1.99 
degrees and the current J,,, reversed, lags 
its voltage E,, by 13.19 degrees. Since 
the power factor is now practically unity, 
the difference in regulation is so slight 
that the negative-sequence voltage in- 
troduced has a negligible effect. 

The relative values of capacitance 
current that need be added will depend 
upon the power factor and magnitude 
of the load. The required amount and its 
distribution cannot be determined readily 
by a study of the unbalanced condition. 
Rather the line currents I, and Ig 
for balanced three-phase conditions must 
be modified so that the respective trans- 
former currents, Ij, and I,,, are not only 
approximately equal in magnitude, but 


Clem—Open-Delta Transformer Banks 


Table A 
2 St ae eee 


Phase Calculated Test 

ea ee ee 
ALB re see rite OF 06 28h yeieniteiarece 0.0765 
BGM an aciceetee (OMY hbo co ncoocdc 0.146 
CA Se aae cee eters OWT 20 mrs eteteteeet. 0.1373 


also have approximately the same phase 
relationship to their respective voltages, 
E,, and E.. By this procedure the 
unequal regulation is reduced greatly, 
and thereby the cause of the unbalanced 
current is removed and, consequently, 
its harmful effects. 

Strictly speaking, the proper capaci- 
tance for one power factor is not correct 
at other power factors. In Figure 6 are 
given curves (see also Figure 5), by which 
the amount of corrective capacitance may 
be estimated, and it should be borne in 
mind that precision is not necessary. 

In these curves bis the per-unit capaci- 
tive current, based on actual load cur- 
rent, added across phase bc, and nb 
represents the capacitive current added 
across phase ca, with n having values of 
17/3, Pe and 21/3. 

These charts are used as follows: 
Assume the power factor of the load is 
0.77, assume b to be 0.35 as the first 
trial, and » as 12/3. Then the inter- 
section of the line for power factor = 
0.77 and b=0.35 indicates an angle 
of about +1.5 degrees for [jg and of 
about —24 degrees for J,, on the upper 
chart. Now locate these angles re- 
spectively on the lower chart for the 
assumed values of D=0.35; Iye is in- 
dicated as about 0.71, and J,, is indicated 
as about 0.65. This amount of correc- 
tion probably would not be satisfactory, 
and a new trial should be made with a 
different 6 or different 1, or with both 
different. 

For a further example, assume a load 
having a power factor of 0.81 or 0=36 
degrees. Then we can get the results 
from the curves as shown in Table IT. 

With the possible exception of the 
first entry, any of the foregoing will give 
sufficient reduction in the unbalance to 
assure satisfactory operation of the in- 
duction motors on the secondary cir- 


cuits. Incidentally, the fourth entry 
Table Il 
n b 4B Kel Its Ite 
12/3 ON SMe: =21 ....0.7380.,.0,725 
12/3092 ORSH oe = 13 2. 0.690.).00 7,100 
2/ae Old ee seSt/s — 3 ....0.655..0.755 
oe Oe eee —131/2....0.730..0.700 
2 550 Bs oo 38 = 3 ..0.690. .0.730 
2 o2..0.4 ..54-81/2.....-— 6t/2.5. 01655. 108 750 
PEs oe goncell — 51/2....0.730. .0.665 
PY 36 We Bs «4 AO 4 ....0.690. .0.640 
2Y/3....0.4 ...4+81/2....4+151/2....0.655. .0.660 


ELECTRICAL ENGINEERING 


: 
: 
9 
; 
: 
I 
‘ 
' 
? 
| 


’ 
@ 


B. R. TEARE, JR. 
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Synopsis: Mathematical expressions for a-c 
impedance and current distribution are 
derived for bimetallic conductors with cir- 
cular symmetry. The results are illustrated 
by application to a copper-covered steel 
conductor in the frequency range up to 160 
kilocycles. Measurements of the a-c re- 
sistance in the same frequency range provide 
a check on the theoretical results. The 
studies made on the copper-covered steel 
conductor indicate that its resistance is sub- 
stantially that of its tubular copper portion 
alone and, for all but the lowest frequencies, 
may be taken from the simpler formulas 
and curves already available for tubes. 


Bee eic conductors consisting of 
a copper covering welded to a steel 
core are widely used for power and com- 
munication lines, because the great ten- 
sile strength of these conductors permits 
long pole spans. The resistance of such 
bimetallic conductors at power frequen- 
cies is known.!' A knowledge of the re- 
sistance at higher frequencies, in the 
range up to 150 kilocycles, has become 
important for designing and for deter- 
mining the performance of carrier-current 
communication systems operated over 
bimetallic conductors. 


Paper 43-43, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
national technical meeting, New York, N. Y., 
January 25-29, 1943. Manuscript submitted 
November 25, 1942; made available for printing 
December 23, 1942. 


B. R. TEARE, JR., is professor of electrical engineer- 
ing, Carnegie Institute of Technology, Pittsburgh, 
Pa., and JOSEPHINE R. WEBB, now with Westing- 
house Electric and Manufacturing Company, was 
formerly Buhl research assistant in electrical engi- 
neering, Carnegie Institute of Technology, Pitts- 
burgh, Pa. 
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Skin Effect in Bimetallic Conductors 


JOSEPHINE R. WEBB 


ASSOCIATE AIEE 


A previous study?* of this subject was 
published in 1915 by J. M. Miller, who 
gave an approximate method of calculat- 
ing a-c resistance and compared cal- 
culated with experimental results for 
several specimens of conductors in the 
frequency range up to three kilocycles. 
However, his method of calculation is 
based upon the assumption that the 
current density in the outer layer of 
copper is uniform, which, although it is 


Figure 1. Section of bimetallic conductor 


an excellent approximation at low fre- 
quencies, departs considerably from the 
actual condition at high frequencies. 

It is the purpose of this investigation to 
develop a more exact theory of skin effect 
for bimetallic conductors with circular 
symmetry, to illustrate the theory by 
using it to calculate for a particular 
copper-covered steel conductor the ratio 
of a-c resistance to d-c resistance and the 
current distribution over a range of 
frequencies, and to check the theory by 
an experimental determination of the 
resistance ratio for the same conductor 
over the selected range. 


Theoretical Expression for A-C 
Impedance 


In what follows, a general relation is 
developed for the a-c impedance of a 
conductor which has the section shown in 
Figure 1. The interior region I has 
resistivity p; and permeability 4; the 
exterior region II, py and py. The de- 
veloped relation applies to all other bime- 
tallic conductors of circular section, in- 
cluding aluminum-coveréd steel, as well 
as to copper-covered steel. 

In developing the theory it is assumed 
that: 


1. Each region is homogeneous; that is, 
within each region the permeability and re- 
sistivity do not vary from point to point. 


2. At any point the permeability and resis- 
tivity do not vary with time. 


3. The bounding surface between regions 
and the outer surface are circular cylinders. 


4. The conductor carries a sinusoidal cur- 
rent, 


5. The conductor is very long and straight 
and the return conductor or conductors are 
either concentric tubes or at such remote dis- 
tances that they produce no appreciable 
field within the conductor considered. 


The derivation of the expression for 
the ratio of a-c impedance to d-c resist- 
ance is outlined in Appendix A. The 
expression itself, in convenient form for 
calculation, is: 


A iG ie4t ec 
: H H 
a COly Tapa me pee (1) 
B——D—IGB+— D 

H Z TF 


in which P is the per-unit conductivity 
(per cent conductivity divided by 100), and 
each of the nine quantities A to J is a 
Bessel function expressed as a complex 
number, except for G and J, which are 
quantities simply obtained from Bessel 
functions. Other forms of Bessel func- 
tions may be employed, the present 
forms being selected for convenience in 


is the case covered by Figure 4 of the 
Wolf—Mattison paper, and the check is 
very good. In selecting the particular 
values of corrective capacitance the 
power factor and range of load are the 
factors to be considered. 


Appendix 


1. If there is no zero-sequence voltage in 
the system, then the proper neutral point 
of the system is the intersection of the 
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medians of the closed line-to-line voltage 
triangle. This can be proved easily by 
geometric relationships and is true, be- 
cause the line-to-neutral voltages must form 
a closed triangle of themselves and therefore 
fix the line-to-line triangle in such a way 
that any line-to-neutral voltage if extended, 
will bisect the opposite side. These rela- 
tionships are set forth in Figure 7, which 
gives a direct method of calculating the 
line-to-neutral voltages from the line- 
to-line voltages when there is no zero- 
sequence voltage. Also, a more direct 
method of determining the positive- and 
negative-sequence components is given. 
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2. In Figure 8 are shown certain se- 
quence relationships to which reference was 
made in the test. 
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Table |. Equivalent Forms of Bessel Functions 


I,(j'/%z) = ber ztjbeis = 


\— 


I(7/22) = 


= 


_K,(i'/2s) =ker 2+j kei 2 = 


Ki(j¥/42) =j (keri +j kei 2) =j'/*(ker’ 2-+j kei’ 2) 


1 ron. eae 
(ber, stj bei, z) ~ Fh (ber’ Bai] bei z) ~ ah 


—— 


‘ ‘ 0 
= Jy(j*/*2) = conj Jo(j'/"2) =M,é. 
1 40 
a js) =j conj Js) =7 Me™ 
dz J 
= =~ conj H,(742) =Nee™ 
24 


f j 
=— 5 con H,1(;*/2.) =j Me er 


See references 3, 6, and 7. 


using the Jahnke-Emde tables.* The 
quantities are defined as follows: 
w=2nf A =Jo(i'/*bre) | 
26 /a Ba=j/?J,(j'/*br2) 
Ri C= Hy (7'br2) 
ek ee D=j' 2H (j'/2br2) 
— E=Jo(j'/br1) 
=Q =H, (jr) 
p2 
F=J,(j'bn) t (2) 
ms Ho (7'/2br:) 
oO Gbr,) 
I= ve JF Aan) 
Mipr Jo(j'/ar;) 


rofl 
(e) PL 


In the above expressions the meter- 
kilogram-second system of units! is 
employed. 

The real component of Z,,/Rq, is the 
ratio of a-c to d-c resistance; the imagi- 
nary component is the ratio of the re- 
actance arising from the flux within the 
conductor to the d-c resistance. 

The first terms of the numerator and 
denominator, A and B, are the largest 
terms for the cases that have been cal- 
culated and can be taken from the tables 
directly in Cartesian form. The other 
terms within the brackets, which are prod- 
ucts and quotients, are obtained con- 
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Figure 2. Ratio of a-c to d-c resistance, 

number 10 American wire gauge copper- 

covered steel, 40 per cent conductivity wire 
at 29 degrees centigrade 


298 TRANSACTIONS 


veniently in polar form. Thus the ar- 
rangement in equation 1 is such that 
accuracy is not lost in the most important 
terms by writing them as the products of 
various factors, each of which, taken from 
a table, has some uncertainty in the last 
decimal place. Also if a slide rule is to 
be used, multiplication and division are 
required only in the less significant terms. 

Another feature of the arrangement 
of the terms in equation 1 is that, by 
dropping terms and making appropriate 
changes in P, the expression gives the 
ratio Z.,/Rq, for solid and hollow homo- 
geneous conductors. Thus, if only the 
first terms A and B within the brackets 
are used, and if P is set equal to unity, the 
expression applies to a solid homogeneous 
wire of outer radius 72, resistivity po, 
and permeability m.: that is, with the 
characteristics of the outer material. 
Likewise, if only the first two terms of 
the numerator and the first two terms of 
the denominator are used with P cor- 
responding to an infinite value of p;, the 
expression applies to a tubular conductor 
of inner and outer radii 7, and r. made of 
the outer material. 


Application of the Theory 


To illustrate the use of equation 1 and 
to obtain calculated values of the ratio 
of Ry. to Ra, for comparison with experi- 
mental ones, the equation is applied to a 
particular specimen of number 10 Ameri- 
can wire gauge copper-covered steel 40 
per cent conductivity wire supplied by 
the Copperweld Steel Company. 

The quantities 71, ’2, Pi, P2, and pu, were 
carefully determined for the conductor 
used. The value of ro, the outer radius, 
was found from the average of a large 
number of micrometer measurements; 
pi, the resistivity of the steel core material, 
was found from Kelvin-bridge measure- 
ments after the copper was removed 
chemically from the composite wire; 
p2, the resistivity of the copper sheath, 
was taken from tables. The value of 1 
was calculated from the measured d-c 
resistance of the composite conductor and 


the previously determined values of 


Teare, Webb— Bimetallic Conductors 


ro, p, and py. The permeability «4 of 
the core was determined from inductance 
measurements. For this purpose short 
lengths of the steel core were drilled and 
arranged for stringing, as cylindrical 
beads, on a small insulated wire with 
coaxial return. The inductance of the 
wire with and without the steel beads 
was measured by means of an inductance 
bridge, and from these measurements and 
the dimensions the permeability was 
calculated. 
The following values were found: 


r,=0.1024 X 107-2 meter 
r2 =0.1303 X 1072 meter 


pi=27.91 KX 107 § ohm-meter 
p2= 1.830 X 107-8 ohm-meter 


M1 = 78.8 X40 X1077 
po =1.0K49rX%16—7 


The calculated ratio of a-c to d-c 
resistance as a function of frequency for 
a conductor with the above constants is 
shown by the solid curve in Figure 2. 
Values of frequency were chosen that 
would minimize the necessity for inter- 
polation in the tables of Bessel functions. 

When the scale of abscissas is expressed 


in terms of V f/Ra the curve of Figure 2 
will apply to a conductor of any size, 
provided it is made of the same materials 
as the one for which the figure was cal- 
culated and has the same ratio of 7; to 7. 
These conditions also imply the same per 
cent conductivity. Such a scale is given 


Figure 3. Photomicrograph of section of cop- 


per-covered steel wire 
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Figure 4. Variation of current density with 
distance from center of wire 


at the top of the figure, Riooo being the 
d-c resistance in ohms per thousand feet. 


Experimental Verification 


The points in Figure 2 were obtained 
experimentally by the method described 
in Appendix B. 

The agreement between calculation 
and experiment is everywhere at least 
within 1'/, per cent, at most frequencies 
- is closer, and thus is well within most 
commercial tolerances. The experimental 
results are believed to be accurate to 
one quarter of one per cent; the cal- 
culations to one tenth of one per cent. 
The small discrepancies between cal- 
culated and test values are thought to 
have their origin in the departure of 
the actual conductor from the assump- 
tions made in the analysis. In the par- 
ticular specimen studied the section of the 
steel core is not exactly circular as may 
be seen from the photomicrograph of 
Figure 3. Also, micrometer measure- 
ments of the steel core, from which the 
surrounding copper had been removed 
chemically, showed a section of roughly 
elliptic form of major axes 0.075 and 0.085 
inch. Another important departure from 
the assumptions lies in the nonhomo- 
geneity of the copper. In the manu- 
facture of copper-covered steel con- 
ductors, molten copper is poured around 
a steel core, and the resulting billet is 
rolled into rod and then drawn into wire. 
There is evidence that some iron migrates 
into the copper at the junction of the two 
metals, and the presence of even small 
amounts of iron causes an increase in the 
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resistivity of the copper, this increase, 
however, probably being restricted to 


the immediate neighborhood of the 
interface. 


Current Distribution 


The current distribution over the sec- 
tion of the conductor, that is, the current 
density as a function of radial distance, is 
given by expressions that are derived in 
Appendix A. The result is shown in 
Figure 4, in which there is given a curve 
proportional to the magnitude of current 
density for frequencies of zero, 10.7, 
42.8, and 131 kilocycles. Current den- 
sities are shown in only the outer portion 
of the conductor, the current density 
being small and unimportant in the in- 
terior regions at most frequencies. The 
curves are drawn to show the relative 
current densities on the assumption that 
the total current is the same at each of 
the four frequencies. Thus, as the fre- 
quency is increased, the current density 
in the interior falls with respect to that 
at the outer surface, and, to maintain 
the same total current, the density at the 
outside surface must increase, and this 
change results in a larger voltage drop 
per-unit length. In fact, the impedance 
drop per-unit length, exclusive of that 
part originating in flux linkages outside 
of the conductor, is proportional to the 
current density at the outside surface. 
Since the current is assumed to be the 
same for all frequencies Z,,/Rq, is also 
proportional to this density, shown by the 
ordinate at extreme right of Figure 4. 

The scale of ordinates for Figure 4 is 
chosen so that if the total current were 
distributed uniformly over both the steel 
and copper of the conductor, unit current 
density would result. In terms of this 
unit, at zero frequency the current den- 
sity in the steel is 15.5 per cent, in the 
copper 236 per cent, the average, weighted 
with respect to area, being 100 per cent. 
On the other hand, at the highest fre- 
quency of the figure, 131 kilocycles, the 
current density at the center is sub- 
stantially zero, on the steel side of the 
interface it is 15 per cent (nearly the same 
as before), on the copper side of the inter- 
face 231 per cent, and at the outside 
surface 464 per cent. If the current 
densities were averaged over the area of 
the conductor and account were taken of 
the variation of phase as well as magni- 
tude, the result would again be 100 per 
cent. 

The regularity of the changes with in- 
crease of frequency is not apparent from 
Figure 4; therefore, curves, showing the 
magnitude of the current density G2 at 
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the outside and G at the copper side of 
interface, as functions of frequency are 
given in Figure 5, in which the current 
densities are expressed in terms of the 
average current density as used in Figure 
4. Figure 5 also gives the phase of the 
current density at the interface and at 
the outer surface with respect to the 
total current in the conductor, For the 
interface the angles are lagging; for 
the surface, leading. 

Since the steel carries but a small 
fraction of current, the most convenient 
criterion of the extent of skin effect is 
the ratio of the extreme magnitudes of 
current density in the copper; that is, of 
the ratio of interface density to surface 
density. This is given in Figure 6, to- 
gether with another curve showing the 
angle by which the interface current 
density lags the surface density. Thus, 
as is shown in the figure, the change of 
phase from the inside to the outside of 
the copper is zero for direct current, 10 
degrees for 10.3 kilocycles, and 82 degrees 
for 131 kiloeycles. The corresponding 
change of phase, not shown in the figure, 
from the interface to the center of the 
steel core is zero for direct current, 182 
degrees for 10.3 kilocycles, and 727 de- 
grees for 131 kilocycles. 

Figures 4, 5, and 6 are expressed in 
terms of frequency or its square root and 
apply to the specific conductor under 
consideration. However, they, like Fig- 
ure 2, could be generalized to apply to 
any other conductor of different radius 
but of the same materials and with the 
same per cent conductivity. 

The study of current distribution 
throws light upon the reasons for the small 
departures of the theoretical curve from 
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Figure 5. Magnitude and phase of current 
densities at interface and outer surface 
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RATIO OF INTERFACE TO SURFACE CURRENT DENSITY 
PHASE OF INTERFACE DENSITY BEHIND SURFACE DENSITY 
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Figure 6. Ratio of interface to surface current 
density, and corresponding phase difference 


the experimental points in Figure 2, The 
fact that these departures occur at inter- 
mediate frequencies rather than at the 
extremes indicates that they probably 
are caused by inaccuracies associated 
with the interface. At zero frequency 
there is no error, because the constants 
are made to agree with d-c measurements. 
At low frequencies, below ten kilocycles, 
the rise in the resistance ratio is caused 
by a decrease of current density in the 
steel core. The decrease is greatest at 
the center, and there is little change at 
the interface or in the copper; thus, 
conditions at the center determine the 
shape of the curve at the low frequencies. 
On the other hand, at the highest fre- 
quencies, 100 to 160 kilocycles, the cur- 
rent density in the steel is negligible, 
and that in the interface region is over- 
shadowed by the higher current densities 
at the outside surface; thus, conditions 
at the outside surface are predominant in 
determining the curve at the highest 
frequencies. However, at intermediate 
frequencies there is appreciable current 
density on both sides of the interface, 
and it is the change of this density with 
frequency that determines the shape of 
the resistance ratio curve. Thus, at the 
intermediate frequencies the geometric 
irregularity and interfacial rise in the 
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Figure 7. Magnitude and phase of the frac- 
tion of total current carried by steel core 
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copper resistivity would have their 
greatest effect. The small discrepancies 
at the highest frequencies may be caused 
by the lack of agreement between the 
table value and the actual value of the 
resistivity of copper. At these frequen- 
cies inaccuracies in the constants p; and 
my of the iron have but little effect on the 
calculated values of R,./Rac. 


Approximate Method of 
Determining A-C Resistance 


The fact that but a small portion of the 
current flows in the steel core of the con- 
ductor in the special case studied, only 
9.5 per cent even at zero frequency, 
suggests a simple approximate method of 
determining the a-c resistance of such a 
conductor, a method in which the current 
in the steel is neglected entirely and the 
resistance of the copper-covered steel 
conductor taken as the resistance of the 
tubular copper shell alone. This latter 
resistance is well known, is obtainable 
from relatively simpler formulas,* and 
is to be found conveniently in general 
curves. 4” 

The accuracy of this method depends 
upon two conditions: that the current in 
the steel core contributes but little to 
the total current, and also that it has 
a negligible effect on the current dis- 
tribution in the copper. 

The fraction of the total current that is 
carried in the steel core is shown in Figure 
7; also is shown the lagging phase angle 
of the total current in the core behind the 
phase angle of the current caused by the 
conductor as a whole. Starting at 10.5 
per cent of the total current at zero fre- 
quency, the core current falls to 4 per 
cent at 10 kilocycles and to 1 per cent 
at 150 kilocycles. Meanwhile the phase 
angle of the core current behind the total 
current increases rapidly from zero to 
about 40 degrees in the first 10 kilocycles, 
and then more slowly to 90 degrees in 
the range from 10 to 150 kilocycles. 

For the special conductor studied, the 
current in the core has a negligible effect 
upon the current distribution in the 
copper. Removing the core would cause 
a discernible change of current density 
only near the interface and this change 
is shown by the dashed curve in Figure 6. 
The difference in the phase change 
through the copper caused by removing 
the core is too small to show in Figure 6. 

Finally, the total effect of treating the 
copper-covered steel conductor as a 
copper tube alone is shown in Figure 2, 
where the a-c resistance of the tube is 
referred to the d-c resistance of the com- 
posite conductor. Above 10 kilocycles 
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there is less than four per cent difference 
between the a-c resistances of composite 
conductor and tube, above 20 kilocycles 
the approximate treatment is as good as 
the accurate one. 

Thus, for many purposes it may be 
sufficiently accurate to treat the copper- 
covered steel conductor as a copper tube 
at the higher frequencies. The d-c re- 
sistance is known, and it should be pos- 
sible to estimate a transition curve from 
this value to the curve for the tube with 
an error of only a few per cent. 


Comparison of Several Conductors 


Finally, it is of interest to compare the 
a-c resistances of the bimetallic conductor 
and the copper tube with that of a solid 
copper wire of the same outside diameter. 
This is done in Figure 8, which gives the 
ratios of the a-c resistances of the re- 
spective conductors to the d-c resistance 
of the copper-covered steel. Thus the 
ordinates are also proportional to the a-c 
resistances of the conductors for any 
common length. At zero frequency the 
resistance of the solid wire is 42 per cent, 
that of the tube 111 per cent of the re- 
sistance of the copper-covered steel. 
As the frequency increases, the resistance 
of the solid wire increases most rapidly, 
and at 85 kilocycles all conductors have 
approximately the same a-c resistance. 
At frequencies above 85 kilocycles the 
solid wire has the largest resistance as 
shown on the curve, but at still higher 
frequencies beyond the range of Figure 8 
the curves would again coincide, when the 
current in all cases would be confined to 
a thin skin at the outermost boundary. 
From zero to 85 kilocycles the copper- 
covered steel has a lower resistance than 
the copper tube, but, between 85 and 
160 kilocycles, the latter frequency being 
the highest calculated, the copper- 
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Figure 9. Circuit for measuring resistance ratio 


covered steel has a slightly higher re- 
sistance than the tube alone. 


Appendix A. Derivation of 
Equations 


The current density in each of the regions 
must satisfy the differential equation 


@G 1dG wr 
ae : Pa : (3) 
in which G is a complex number representing 
the magnitude and phase of the current 
density at any distance r from the axis. 
The derivation of the equation may be found 
in numerous treatments of skin effect, for 
example, the textbook by Woodruff.!_ The 
solution must also satisfy the boundary con- 
ditions: 


1. Atr=0, G remains finite. 
2. Atr=ni, pGis continuous. 


3. Atr=ni, (p/p) (dG/ér) is continuous. 


The last two conditions come from the 
field equation 


Cor ——— (4) 


which for spatial circular cylindrical sym- 
metry, axially flowing currents, and quanti- 
ties varying sinusoidally in time reduces to 


—= —jwB (S) 


E being the electric field, and equal to pG. 
Thus 


Ge er eres (6) 
dr 


Since B is not infinite, pG must be con- 
tinuous. On either side of the interface, p 
is constant so 


pee = —joH (7) 


Although B is not necessarily the same on 
beth sides of the interface, H and w are 
the same, hence p/u dG/dr is continuous at 
the interface. 
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The solution’ of equation 3 in each of 
the regions is 


Gi = Co(j'*ar) + C.Ko(j'/2ar) 
Gut Cslo(j'/*br) + C.Ko(j'/2br) (8) 


in which the C;, Cz, C3, and C, are constants 
to be determined, and J)(j'/2ar), Ko(j'/*ar), 
and so forth, are modified Bessel functions 
of the first and second kind respectively. 
By the first boundary condition C,=0. 
The other two conditions permit the evalua- 
tion of C; and C; in terms of C; which, since 
I(0) =1, is the current density at the center. 
There results 


Gr= CI,(j'/ar) (9) 
Gu = CG j'*ryT,(j'/2ar,) Ky (j'/2br,) N(br) (10) 
pe 


where N(br) has been introduced as the 
abbreviation 


1,(j'br;) 
Ki(j'2br;) 
bpxKo(j'/2br:)hi(j'/ar) 
apiKi(j/*br;)Io(j'/2ar1) 
bps Ti(j'/2ar1)Io(j'/2br1) 
api Io(7j'ar:)Kyx(j'2br:) 


N(br) =Io(j'/#br) + Ko(j'br) + 


Io(j'/*br) = 


Ko(j' br) (11) 


The current density at the interface is ob- 
tained by substitution of 7; for rin N(br) as 
it occurs in equations 10 and 11, 


Gi=Cij'/*br To j'/2ar1) Ki(j'/*br,) N(br:) (12) 
p2 
Similarly, at the outer surface where r=r, 


Go= Cj’ To F'n) Kil j'/*br1) N(br2) 
P2 (13) 


The total current is 


T=2n f"'Grdr+2n f “Grud 
rl 


which, upon substitution of equations 9 and 
10, integration, and simplification, gives 


(14) 


T=20Cynre To j'/2ar1)Ki(j'/*br:)D(bre) (18) 
pe 


where D(br) is the abbreviation 


1,(j'/2bn) 
K,(j'/*br2) 
bp.Kol i'/*bn)Ii(7/*ar1) 
ap Ki(j'/*bri)Io(j'/2ar1) 
boali( jar )To( sis Gee 
apilo(j/2ar1)Ki(j /*by,) 


D(br) =1,(j'br) — Ki(j'br) + 


L(j'/*br) + 


(16) 


The constant coefficients of D(br) are the 
same, except for sign, as the corresponding 
coefficients of N(br); also in D(br) the 
variable Bessel functions 4; and K, replace 
Ty and Ko, respectively, in N(br). N(br2) 
becomes the numerator, and D(bro) the 
denominator of the important factor in the 
expression for the resistance ratio. 

In these manipulations the relation 


Io(j'/2br) Ko! (7'2br) — To! (7'/*br) Kol j'/*br) 


il 
(17, 
= br (17) 
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(int which the prime indicates differentiation 
of the function with respect to the argument) 
proves to be useful in reducing the number of 
terms. 

The impedance per-unit length (the re- 
actance originating in that part of the flux 
only which is interior to the conductor) is 
the voltage drop per-unit length along the 
surface b divided by the currenté or 


(18) 


The d-c resistance is the net resistance of 
core and tube in parallel, and its reciprocal is 


1 el “(1 =) Why? 
Rac pe ro? Pi Pp» 


where P is the per-unit conductivity, the 
ratio of the conductance of the actual con- 
ductor to that of a solid homogeneous con- 
ductor of radius r, and resistivity of the 
same length. Thus 


Zac a/b N (brs) 


= P 
Rac 2 D(brz) eo 


(19) 


The Bessel functions used in these equa- 
tions are given in various forms in different 
tables.*: 67 The forms used in the present 
derivation are related to other forms in 
Table I. The Jahnke-Emde tables, which 
give the forms Jo(j'/2Z), j'/2Ji(j'/*Z), 
Hy\(j'/2Z), 72H 1(j'/2Z), were found conven- 
ient to use, because both Cartesian and polar 
forms were given, and because less interpo- 
lation was required than in other tables 
that were available. Equation 1 gives the 
resistance ratio in terms of these forms. 


Appendix B. Experimental De- 
termination of Resistance Ratio 


The ratio of a-c to d-c resistance of the 
specimen of copper-covered steel conductor 
was measured by means of the bridge cir- 
cuit shown in Figure 9. The bridge, similar 
to that used by Kennelly and Affel® con- 
tains resistance in two arms, and both re- 
sistance and inductance in the other two. 
The bridge is arranged for either alternating 
or direct current. 

R, and R; are matched resistances of 100 
ohmseach. JL; is a toroidal fixed inductance 
of 35 microhenrys. J4is a variable inductor, 
with a maximum inductance of 36 micro- 
henrys. These inductances are designed to 
balance the bridge with the unknown in and 
out of the circuit. The conductor under 
test has an inductance of 25 microhenrys. 
R;is a Manganin slide wire, selected to have 
negligible skin effect for the range of fre- 
quency used, and ¢ is an auxiliary resistance 
for adjusting the position of the sliding con- 
tact on R, for balance at different frequen- 
cies. The conductor tested is switched out 
of the bridge by a copper bar resting in 
mercury cups. 

The specimen of conductor under test, 
number 10 American wire gauge copper- 
covered steel of nominal 40 per cent con- 
ductivity, is mounted on an upright wooden 
frame six by six feet in size. The frame 
holds 77 feet of wire strung up and down with 
a spacing six inches between traverses. 

The source of alternating current, a labo- 
ratory oscillator, is connected through a 
shielded transformer which serves to isolate 
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the generator and to match its output to the 
relatively low impedance of the bridge. The 
alternating current through the unknown 
under test conditions varied between 0.04 
and 0.16 ampere over the frequency range 
from zero to 160 kilocycles. The a-c null 
detector is a General Radio-wave analyzer, 
the frequency range of which was changed 
by removing condensers. An external ampli- 
fier is used to increase the sensitivity of the 
detector. For d-c balance a battery and 
galvanometer are employed. The experi- 
mental work was done in a closed room 
where the temperature was 29 degrees 
centigrade and remained constant to !/, de- 
gree centigrade. 

Measurements are made in the following 
manner: with the bridge unbalanced and 
the unknown in the circuit, a given fre- 
quency is applied to the bridge. Then Ls 
and the sliding contact of R, are changed 
alternately to obtain a closer balance, and 
the sensitivity of the detector is increased 
progressively. When both an inductive and 
a resistive balance are obtained, the setting 
of the sliding contact on R, is noted. This 
is expressed as the distance /; of the contact 
from a reference point. Then this procedure 
is repeated for the same frequency with the 
unknown disconnected from the bridge, and 
the corresponding reading /, is noted. The 
resistance of the unknown at the given fre- 
quency is? 


k(h —h) 


where & is a constant which includes the re- 
sistance per-unit length of the slide wire. 
The bridge is balanced immediately then on 
direct current, and the difference of the two 
readingsisnoted. The ratio of the difference 
of the two a-c readings to the difference of 
the two d-c readings is the ratio Rg./Rac 
for the unknown at a given frequency. 

Features which tend to minimize errors 
in the experimental method are: 


1. All the components which are varied during a 
given measurement are placed in the same arm of the 
bridge. Thus, since each measurement involves a 
balance, once with the unknown in the circuit and 
once with the unknown out, the residual errors in 
the three unaltered arms cancel. 


2. Coaxial connections to the various components 
are used to minimize stray magnetic coupling. Also 
a coaxial line is used in the detector circuit, for 
which purpose the single unit containing Ri and Rp» 
is mounted on the sliding contact arm of Rg. 


3. Components are placed far enough apart to 
minimize the effects of stray fields. 


4. The fixed inductance 1; and the variable in- 
ductance Ls are made with no metal in their sup- 
porting structures. In the variable inductor Ly, 
litz wire is employed and the shaft, dial assembly, 
screws, and so forth, are all nonmetallic. 


The over-all accuracy of the experimental method 
was checked by using it to measure the resistance 
ratio for ordinary copper wire. Values were ob- 
tained which agree with the known published values 
to an accuracy of one tenth of one per cent over the 
whole range of frequency, and this figure is taken 
as indicating the order of accuracy of the method. 


The results for the copper-covered steel conductor 
are shown in Figure 2. 
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50,000-Kva Oilless Circuit Breaker 


HE obvious advantages of air circuit 

breakers have led to their widespread 
application, particularly in the 2,500- 
and 5,000-volt class for 100,000- and 
150,000-kva interrupting rating. This 
has in turn brought a demand for lower 
kilovolt-ampere ratings in these voltage 
classes. In the past the oil circuit breaker 
has been the only device economically 
applicable in this particular field. How- 
ever, progress in design and manufactur- 
ing facilities has made it possible to build 
a 50,000-kva unit lower in cost than would 
have been considered feasible two years 
ago and one which is expected to meet 
the operating requirements in this field. 

The interrupter is of the magnetic De- 
ion type and is illustrated schematically 
in Figure 1. Briefly, the theory of opera- 
tion of this type of breaker embodies the 
use of spaced insulating plates of nongas- 
forming material having tapered slots 
into which the arc is moved by a magnetic 
field. As the arc moves into the narrow 
portion of the slot, electrons in the arc 
stream, attaining a high velocity from 
the magnetic field, bombard the gas 
particles of the arc stream and require the 
arc continuously to ionize fresh gas in 
considerable quantities. When current 
zero is reached, this action continues 
sufficiently to deionize the plurality of 
short lengths of are near the edges of the 
plates, thereby establishing sufficient 
dielectric strength to interrupt the cir- 
cuit. 

In the design of the 50,000-kva breaker 
the insulating plates are made of a high 
heat-shock resisting material as in pre- 
vious designs."? On account of the lower 
short-circuit currents for this rating, it 
was possible to reduce the thickness and 
width of these plates to two-thirds that 
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of the higher interrupting ratings. For 
this reason also it was possible to space 
the plates about 30 per cent closer to- 
gether. 

In order further to reduce the size of 
the arc chute, the number of plates was 
reduced. The required volts-per-plate 
interrupting ability was then obtained 
by increasing the magnetic field. In do- 
ing this, the number of turns on the 
blow-in coil was increased from 6 to 18. 
This gave a considerable increase in the 
magnetic field which in turn increased 
the voltage per plate. _ 

This combination of design features 
sufficiently reduced the size of the are 
chamber to permit the over-all breaker 
design to be comparable in size with the 
corresponding oil breaker. 

Figure 2 illustrates the breaker as built 
for metal-clad use. It will be noted that 
the contacts represent a departure from 
previous practice on small air circuit 
breakers in that they are of the parallel 
blade type, resembling disconnecting 
switch construction. The hinged joint 
at the bottom of the blades is of the 
spring-pressure type with silver surfaces. 

The main contact surfaces of the 
blades are of a type previously developed 
for disconnecting switches and have 
proved very reliable in that service. 
The main contact surfaces are integral 
with the blades, and hence joints be- 
tween these parts are eliminated, 

The movable contact blades are oper- 
ated through a simple linkage by a 
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mechanically trip-free solenoid mecha- 
nism previously applied to oil breakers. 
Thus, the control circuits may follow 
established practice in all respects. 

The unit illustrated in Figure 2A and 
2B is designed to be rolled into the oper- 
ating and test positions on wheels located 
on the main frame of the breaker only a 
few inches below the disconnecting con- 
tacts. This gives a close mechanical 
relationship between the disconnecting 
contact load, the drive-in force, and the 
load on the rails. 


Tests 


In line with modern switchgear-design 
practice where high-power laboratory 
facilities are available, numerous inter- 
rupting tests were made in the develop- 
ment of the breaker. Table I shows 
representative results of a typical series 
of three-phase tests on the breaker in its 
final form. It will be noted that the 
maximum kilovolt-amperes interrupted 
is approximately 60,000 at 4,800 volts, 
three phase. Figure 3 shows a typical 
oscillogram taken at 7,300 amperes and 
4,800 volts, three phase. 

The interruption of low currents at 
low power factor, corresponding to mag- 
netizing currents, was investigated. The 
arcing time of the breaker extends to ap- 
proximately 30 cycles on account of the 
low magnetic forces for moving the arc 
from the contacts into the arc chute. 
Since the arc chute is mounted directly 
above the breaker contacts, convection 
air currents assist in moving the arc, 
and this results in positive and consistent 
operation. Figure 4 shows a typical os- 
cillogram taken at 20 amperes and 4,100 
volts on a single pole. 


Metal-Clad Switchgear Unit 


To utilize the new 50,000-kva oilless 
breaker, a new horizontal drawout metal- 
clad switchgear unit has been designed. 
It incorporates the associated bus, in- 
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Figure 1. Schematic 

illustration of typical 

2 magnetic De-ion in- 
terrupter 


The dotted lines 1, 
273) 4).5, and Grins 
dicate — progressive 
positions of arc in- 
terruption 


strument transformers, instruments, and 
relays in a switching structure for the 
control and protection of power distribu- 
tion of circuits and associated electric 
apparatus. Figure 6 shows the air-breaker 
unit on the transfer truck in position to 
be placed in the housing. 


Design Specification 


In designing such a unit the following 
essential requirements had to be met: 


(a). Compact design, still retaining best 
performance of circuit breaker under normal 
current-carrying and interrupting duty and 
mounting security. 


(b). Safety and convenience in installation 
and operation. 


A—Magnet coil 
B—Ilron yoke 


/—Shunt strap 
J—Moving contact 


C—Panel-end horn 


arm and arcing con- 


D—Insulation plates tact 
E—Laminated iron K—Arcing and 
shoes secondary-contact 
F—Outline of arc platform 
chamber L—Micarta bushing 
G—Arce shield M—Upper stud 


H—Arcing horn 


The metal-clad structure design should be 
such as not to reduce the effectiveness of 
the circuit breaker as measured by its 
performance unenclosed. To accomplish 
this, clearances and ventilation must be 
adequate and the are gases freely vented. 
The mounting for the circuit breaker 
must secure it accurately and_ rigidly 
in its operating position to insure correct 
alignment of disconnecting devices and 
to prevent undue vibration and move- 
ment in service. 

The horizontal drawout mounting is 
particularly adapted to air circuit 
breakers, since it permits a horizontal 
contact break and utilizes the definite 
tendency of the are to rise and thus move 
naturally into the deionizing chamber. 
It also gives more ready accessibility to 
the breaker to permit quick superficial 


(c). Accessibility for maintenance. inspection. 
(d). Simplicity and minimum cost. All live parts should be enclosed in 
Table |. Interrupting Tests on 50,000-Kva Air Breaker 
Current Interrupted 
Test Megavolt- 

Voltage Phase 1 Phase 2 Phase 3 Average Amperes Operation 
BOONE cues ie -ore 7. = 6,000..... TeSO0 ee eee SOO ane se bos OO temo a OO Satie ae O 
4,800 6.600 ee FT OOM ieee ary 200s cee TO200 ME tease GOs 0 ee er O 
Ry oc cause B70 PE NTOE oes 2, © eRe Orne tee O00 ss eau DS oleate ieee (6) 
4,800 RTOs segs ae CARI Wrens rp POP O0 mea tr 8,100 E58. Qari co 
SOROS: cc: 3.60042 4. A: 300F ee. 6,800 meee Bre A0O een Oosawa eee co 
MIRO. ono G 200 Lean a O00 eee ae 7 QUO ze ieee 7 o00cre IGOR S ee eats co 
7, Qe rts EST, Ue ea 5,800 Ep Op S00! mater G50 Oe amen POOr Ormaahesats CO 
BIND st ssisua do: 6,000 Sen 6-200 marae is ae 7 SOU ees 6,700 bo. Si eee co 
Bet, | Aig se ee AOO), cee L700 sei aee 1900s os cen 2, 000 tl O..\ Glee eee co 
4,800..... DAO es ates 17 O0e Bene 1,800 1,900. ait ag a efits co 
4,800. 490 13.0) Seeder 6 « 580 470. Se Ole co 
BOBO ox burt os BAO oy meen ate BBO). erento: 480 GTO, hae SM tos oe AD) 
4,800 RP LOR ON Meee cer WORDS tees: AS, rte 100 ee eens 8.3 co 
ABODE bw D000. eae 791)0 apa 2200) nm PRE be pire Le an ee co 
2,200 AOU Eo Atte 12300), ree S700 kn ae 16,200 Oly Siem eee co 
F200 te ca 1 S5000 sw TB LOOT eres ooo Ly SO OWy seine LD} TOOL maerernnOOk Oneeneenceey co 
CANO erro xa ek eOUs.: le LOO eae te. 7S ODS ana 165:200. 4 eee SU ee co 
PON ig iA ee T5200 neers ToC en 17 BOO cme mee 15400) tence arn DOK Ss om verre co 
DOO we teh 400) a5 ate. Ne AOOL eee WM WeYoye Re 15,300 Bt WERE Bt fs ce? co 
D000... 26. AST OO! Gree Fsaltoloe Seve A OOnome 4. 4,800 Al Ghee escte co 
B C007 weet, ace 52006 tone 38007... 5,300. A“SOOt mee on A OMA co 

O—Open. 


CO—Close—open. 


Table Il. Interrupting Tests on 50,000-Kva Breaker Assembled in Metal-Clad Switchgear Unit 


Current Interrupted 


Test — Sa S5 Megavolt- 
Voltage Phase 1 Phase 2 Phase 3 Average Amperes Operation 
5,000. 5,515 WD BVO y tra 6,495 . 6,967 51 Gite ee sists co 
SOOO ee. site RO; SOU cts ane nue ¢ 6,240 oA UE erence era 6,217 53 On ale ness co 
5,000 SOU leer aca aty (PAUSE. A an AT Utd Areca ore [ail choo Ian, eae gee 57 8. ie cae co 
WOOO crore sa 7,530. . Pe TOO nao OO tine aac oOU 55 2. Paice ts co 
5,000. 7,550 ® iG 90G aot . .7,200 GjS8Ol ae at BO MO. ae eee: CO 


CO—Close-open. 
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Figure 2A. Removable breaker for 600-ampere 
5,000-volt 50,000-kva metal-clad switchgear unit 


Figure 2B. Rear view of removable air- 
circuit-breaker unit 


One are chute shown removed at the lower right 


grounded metal compartments, and 
covers should be provided to give access 
to each portion of the circuit separately, 
without exposing any other circuit. The 
structure must be built ruggedly to with- 
stand shipping stresses and to permit 
handling as a complete assembly without 
causing misalignment, so that it can be 
shipped in as large unit groups as pos- 
sible. 

Operation should be simple, since the 
application for this size breaker is quite 
largely in small stations where highly 
trained personnel is not available. 


General Description of Metal-Clad 
Unit 


The steel housing consists of a welded 
structural frame with sheet-steel barriers 
dividing the unit into three principal 
high-voltage compartments for the bus, 
circuit breaker, and current transformers, 
together with the main cable terminals. 
The complete units are separated from 
each other by sheet-steel barriers, and 
the bus opening through this barrier is 
entirely covered by the Micarta in- 
sulating support in order to divide the bus 
compartment into unit lengths. 

The busses and connections are in- 
sulated completely with Micarta and 
varnished cambric as shown in Figure 7. 
The main bus joints are insulated with 
molded enclosures, which are clamped 
over the joint by means of tapered keys, 
and are filled with insulating compound 
to seal the joints and make the bus in- 
sulation continuous. All joints in busses 


304 TRANSACTIONS 


and connections are silver-surfaced to 
maintain permanently high conductivity. 

The highly important primary dis- 
connecting devices consist of flexible 
finger assemblies mounted directly on the 
ends of the removable breaker-unit bush- 
ings and cylindrical studs mounted in 
insulating tubes in the housing to provide 
insulation between phases and to shield 
them from accidental contact, as Figure 
8 shows. The flexible finger assembly 
consists of bridging segments which make 
point contacts on the breaker bushing 
at one end and on the cell stud at the 
other end, when in the engaged position. 
A new form of segment is used which is 
profiled, so that each segment makes two 
points of contact at each end to reduce 
millivolt drop. High unit pressure is 
obtained by flat springs located between 
an encircling ring and the contact seg- 
ments in order to exert radial pressure 
segment. It will be 
noted that since each spring exerts radial 
pressure on its own segment independ- 


inward on each 


ently of the others, the contact pressure 
exerted is independent of the number of 
segments used, so that various contact 
capacities can be obtained by using 
different multiples of the same segments 
and springs. Contact surfaces are heavily 
silver-plated to insure permanently low 
resistance, 

The hinged panels on the front provide 
space for mounting instruments, relays, 
control switches, and other panel devices 
to form a completely self-contained 
switching unit as shown in Figure 9. The 
control and secondary circuits are com- 
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Figure 3. Oscillogram showing interruption 

of 7,300 amperes at 4,800 volts, three phase, 

60 cycles on the 50,000-kva oilless circuit 
breaker 


A—Voltage, phase 3 
B—Current, phase 3 
C—Voltage, phase 2 
D—Current, phase 2 
E—Voltage, phase 1 

F—Current, phase 1 


pleted to the breaker unit by means of a 
multipoint plug and receptacle-type con- 
tact. Figure 10 shows the plug assembly 
on the breaker unit mounted on a novel 
sliding member with sufficient travel to 
permit re-engaging it for test when the 
breaker unit is moved to the test position 
with the main contacts disengaged. The 
contacts engage automatically in the 
operating position, and the sliding mount- 
ing is latched, so that they disengage 


VOLTAGE a ack! 
La ee, Wd ie ® 
CPA a 


CURRENT 


had 


Figure 4. Oscillograms showing typical low- 
current low-power-factor interruption 


Current 20 amperes at 4,100 volts across a 
single pole 
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ns 


A. Front view 


normally when the unit is withdrawn to 
the test position. 

The removable unit, comprising the 
circuit breaker and its frame support, is 
carried on flanged rollers which engage 
the track in the housing. It is trans- 
ported and placed in position by means 
of an auxiliary transfer truck equipped 
with a simple lever-type elevator of 
limited movement, which will raise the 
unit from the floor and lower it to post- 
tion on the housing rails. From this 
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B. Sectional side view 


Figure 5 (above). Outline of 
metalclad unit 


Front view and section drawing 

showing isolation between 

high-voltage compartments of 
housing 


— 


Control panel 
Hinged door (instrument 
panel) 

Cross wiring 
Potential transformer 
Removable cover 
Current transformer 
Terminal block 
Secondary contact 
Hinged barrier 
Transfer truck 


to 


ND OO ie 


4 


Figure 6 (left), Metal-clad 

switchgear housing with air 

circuit breaker on transfer truck 
in position to enter 


Lever operated elevating de- 

vice of transfer truck permits 

lowering unit to floor or pick- 
ing up 
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“STATIONARY MAIN CONTACT MEETING INSULATOR 


Figure 7. Insulated bus and connections 
assembly 


point, a single rugged worm-and-gear 
levering device is used to move the 
breaker unit into and out of the operating 
position. The worm mechanism is self- 
locking and holds the removable unit 
securely in the operating position. A 
notched cam on the levering-device shaft 
prevents moving the breaker into or out 
of engagement with the disconnecting 
contacts, unless the breaker is in the open 
position, and permits breaker operation 
only in the operating and test positions. 
(See Figure 11.) 


Tests on Assembled Switchgear 


Supplementing the detail tests made 
on the separate circuit breaker, tests were 
made in the metal-clad housing at 
maximum interrupting rating. In addi- 
tion, a series of repetitive moderate 
interrupting-duty tests was made to 
simulate typical motor-inching duty 
where starting current is opened and 
closed several times in rapid succession. 
High-current tests were made as shown 
in Table II. Twenty-five close-open 
tests with nine-second intervals were 


Figure 8. Details of primary disconnecting 
contact showing both stationary and moving 
members 


uu -3 
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made at approximately 1,500 amperes to 
simulate repetitive duty on typical 
motor-starting inrush current. These 
tests were made too rapidly to permit 
taking oscillographic records of current. 
Careful examination and inspection 
during and after the tests showed that 
the enclosing housing has adequate 
clearance and ventilation to insure the 
best performance of the circuit breaker 
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Figure 9 (left). A 
typical metal-clad 
assembly for control 
of two generator and 
four feeder circuits 


Auxiliary sections 
are used to mount 
the voltage regule- 
tor and excitation 
control equipment 


Figure 10 (right). 
Secondary contact 
assembly on remoy- 
able unit with con- 
tact block mounted 
on sliding support to permit engag- 
ing control circuits with the breaker 
unit in the test position 


and that the connection and bus struc- 
tures and breaker support are entirely 
adequate. Figure 11 shows the condition 
of the breaker contacts after the series 
of tests. 

In addition, momentary current tests 


Figure 11. Breaker contacts 

after series of 73 close—open 

operations, 26 of which were 

at or above rated interrupting 
capacity 
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at the maximum short-time rating of 
25,000 amperes were made on the as- 
sembled structure and circuit breaker to 
prove that the mechanical and thermal 


capacity was adequate. Dielectric tests 
at 19 kv, 60 cycles for one minute and 60 
kv impulse were made in accordance with 
the proposed insulation levels for this 
class of equipment. 


Conclusion 


Extensive development work and care- 
ful cost-analysis work on the larger sizes 
of air circuit breakers have made it 
possible to produce a 50,000-kva unit 
comparable in size, weight, and use of 
critical material with the corresponding 
oil-circuit-breaker unit. This makes the 
obvious advantages in maintenance, 
safety, and convenience of air-type in- 
terrupting devices available for applica- 
tions to smaller generating and dis- 
tribution stations, industrial plants, and 
unit substations. 
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“Synopsis: This paper outlines some of the 
factors which should be considered in the 
design of d-c magnets. The usual types of 
steel used are briefly discussed, including 
their influence on “sticking”? or residual 
forces. Calculated curves are presented 
which show the influence of pole-face area 
on the force developed by the magnet. 
Flux measurements on a number of magnets 
show that theoretical calculations are often 

in great error because of factors such as 

leakage and saturation which are usually 
: neglected. Data show that the flux in a 

d-c magnet with a small air gap may vary 
_ by as much as 300 per cent between one 
part of the circuit and another. 


D< magnet design is of tremendous im- 
portance today because of the almost 
exclusive use of d-c power in mobile 
equipment such as tanks and airplanes. 
Magnets are the backbone of the d-c 
contro] systems, for, when energized by 
push buttons or interlocks, they furnish 
the power to operate contactors and re- 
lays of all descriptions or to perform 
strictly mechanical functions, such as 
actuating firing pins or locking devices. 
With applications such as these, new re- 
quirements have arisen. Chief of these 
are light weight, minimum volume, in- 
sensitivity to vibration with the magnet 
open or closed, and higher operating 
temperatures. 

Although d-c magnet design is an old 
subject, there appears to be very little 
literature on it which is of help to the de- 
signer. Text books! give an adequate 
presentation of theoretical principles in- 
volved, but assumptions which must be 
made to solve a problem theoretically are 
more often than not the dominant con- 
siderations in practical design. The tre- 
mendous diversity of design requirements 
has led to a large number of different 
forms of magnets dictated by device opera- 
tion and requirements. It is impossible 
to find a design procedure suitable for all 
cases, but the same factors, such as satu- 
ration, leakage, residual forces, and kind 
of steel, must be considered in each. Of 
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~~ D-C Magnets 
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these, leakage appears to bear an impor- 
tance not previously suspected. Flux 
measurements have been taken on a large 
number of magnets to show their mag- 
nitude. The results of some of these 
measurements are discussed. 


Steels 
At present, the four general kinds of 


steel which are considered for use in the 
usual design of d-c magnets are: 


1. Cold rolled or stamping steel. 

2. Silicon steel. 

3. Low metalloid steel or ingot iron. 

4. High-saturation steel such as 50 per 
cent cobalt, 50 per cent iron. 


Tables I and II list the magnetic prop- 
erties of these steels. 
factor,” 


The term, “aging 
which appears in Table I is de- 
fined as the per cent increase in hysteresis 
loss which occurs to a steel with time. As 
applied to d-c magnet design, an increase 
in the hysteresis-loop area is significant 
principally in the second quadrant, where 
an increased area means an increase in 
external energy and in coercive force. An 
accepted laboratory method of finding 
the aging factor is to measure the d-c 


Table |. Magnetic Properties of D-C Magnet Steels 


hysteresis loop before and after holding 
the steel at 100 degrees centigrade for 600 
hours, 

Common stamping steel is the most 
widely used for d-c magnets because of its 
low cost and its desirable mechanical 
qualities. It is readily drawn, punched, 
or formed, and is available in a large 
variety of forms and sizes. Its main dis- 
advantage is that it is not sold as a mag- 
netic steel; the mills do not guarantee 
magnetic qualities. Large variations, 
therefore, can and do occur in the mag- 
netic quality of this steel. In general, in 
the annealed condition, it has a better 
magnetization curve for the higher densi- 
ties and a higher saturation value than the 
silicon steels. However, its coercive force 
is high; its available external energy is 
high, and its aging factor is large. A 
design using this material must be 
checked carefully, not only for residual 
forces which exist at the time of manu- 
facture, but also for increased forces which 
may develop because of aging. 

As the percentage of silicon in steel in- 
creases, the saturation curve becomes 
poorer, and the intrinsic saturation falls. 
The silicon steels are also harder to fabri- 
cate. These disadvantages are offset by 
the fact that these steels are sold with 
specified magnetic properties and are of 
consistent quality. As the silicon content 
increases, the aging factor decreases, the 
largest aging factor for a silicon steel being 
considerably less than for common stamp- 
ing steel. The coercive force and external 
energy are likewise considerably less. 

Ingot or Armco iron is the purest form 
of iron sold commercially. When properly 


Intrinsic 
Saturation 
(Kilolines Residual 
Kind Ker Aging Induction Coercive External 
of Alloying Constituent Square Factor (Kilo- Force Energy 
Steel (Per Cent) Inch) (Per Cent) gausses) (Oersteds) (Maximum) 
Common. 0.25 silicon maximum 133 15 (ia 1.5 4,650 
Silicon A 0.25-0.75 silicon... 132.3 8 . 8.37 0.86. 3,450 
Silicon B...... OF76—-1,.26 silicon... nen..5 131.5 ie, 5 $0 saat 0.70. 2,400 
Silicon C......2.50-3.0 silicon........ U2Gie FS iereee ee a aera Tee! QN0-2o5 neg ate 2,450 
TISOPATGH, | fa EONOUE.. 2 visa sehles « oe W350 se Varies. saris. giD? 3 pete 1.05. .. 2,330 
Cobalt HO) CODAIE sete ssig acorn Bg SE RAE, Bee Ay ee ae 16.5 3.0 . .25,800 
Table Il. Magnetization Data for D-C Magnet Steels 
Total Flux Density (Kilolines Per Square Inch) 
Kind 10 . 30 50 70 80 85 90 95 100 105 110 115 120 
of = 
Steel Magnetizing Force (Ampere Turns Per Inch) 
B POR Sebo iebad tap Saluki lr Le on LO) a ee . 45 Pear 136 235 355 
Sata 17 2.05. .3.55..6.2.-10.8. 14.8. .22,.5..38 . 66 120 192 290 420 
Silicon B...1.20..2.05..3.3 ..6.4..10.9..15 OG) .22.'52.00) 2" 69 120 .195 .300 430 
Silicon Gee eae 79s Bl ct Oe Sew lle Sls. Oso ph akaye a, ila (oy .187 . 280 .410 lly 
Ingotiron..1.2 ine pene? ae ©) PEDO OL sore S20 o. Loam. 55 115 TBS as , 257 
Cobaltes waceOn. 4.4) «O08 2 6075 6: So. <b &.. 6.9 7.4. Sra 9.0 10.5 12.5 18 
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annealed, it has the best magnetization 
curve and the highest intrinsic saturation 
value of the usual steels. It is ductile 
and tough, but readily forged, machined, 
or welded. Its external energy curve is 
low. Its magnetic qualities tend to be 
influenced considerably by the type of 
anneal which it receives. Its main dis- 
advantages are its relatively high cost and 
lack of availability in various forms and 
sizes. 

The use of special high-saturation steels 
is not so widespread as might be supposed, 
because of the relative difficulty of obtain- 
ing them, together with their high cost, 
poor machining properties, and high 
coercive force and residual induction. 
However, as Tables I and II show, a 50 
per cent cobalt, 50 per cent iron has a 
remarkably good induction curve and 
high intrinsic saturation. 


SECTION C-C 
(REDUCED) 


B. Solenoid 


Figure 1. Types of d-c magnets 


In all d-c designs, especially in those 
using stamping steel, it is essential for 
consistent performance that an air gap be 
in the circuit between the armature and 
pole face. The order of magnitude of 
residual forces is often underestimated. 
In one case a magnetic circuit of ingot iron 
weighing five pounds two ounces was 
found to have 33 pounds residual force 
when there was no air gap in the circuit. 
In another case a small relay using an- 
nealed stamping steel weighing 32 grams 
had a measured residual force of 112 
grams. When a magnet operates, the 
repetitive shock of one part on another, 
together with the simultaneous applica- 
tion of magnetic field, tends to increase 
the coercive force. It has been found in 
practice that this increase may be con- 
siderably more than the aging factor 
would indicate. 


308 TRANSACTIONS 


Classification of D-C Magnets 


D-c magnets can be classified into two 
general groups: 


1. Clapper or pivoted armature type. 


2. Solenoid or pot type. 


A typical form of clapper magnet is 
shown in Figure 1A. An armature is 
pivoted on one face of a U-shaped piece 
and rotates through an air gap to strike 
a pole face. The coil may be placed on 
any leg of the core. In Figure 1B is 
shown a solenoid-type magnet in which a 
plunger, usually circular, moves within 
a coil to strike a core or head finally. 

Design requirements for a magnet are 
usually : 


1. It should give a force-versus-stroke 
curve suitable for the particular require- 
ment. 


2. It should utilize to the fullest extent 
every ounce of iron and copper in the mag- 
net. 


3. It always should release under the action 
of the restoring spring when de-energized. 


These requirements determine whether a 
clapper or solenoid magnet will be used. 
The shape of the pull curve of a clapper 
magnet can be changed by varying the 
pole-face area; that of a solenoid type 
by using some variation of a stepped 
plunger or conical plunger. 


Force Formula 


In order to find the flux in a circuit con- 
sisting of an iron path in series with a 
short air gap, a trial-and-error method is 
usually employed. A value of flux is as- 
sumed; the various magnetomotive-force 
drops are found, and their total compared 
to the applied magnetomotive force. A 
result sufficiently accurate can be ob- 
tained usually in two or three trials. 
When the flux is found, the force between 
faces is obtained from 


=e (1) 


where F is the force in dynes, B the air 
gap flux-density in gausses, and A is the 
area in square centimeters. This formula 
is the one occurring most frequently in 
texts and is apt to be misleading when the 
assumptions on which it is based are 
neglected. When saturation in the iron is 
negligible, equation 1 reduces to 


BA? g? (0.4m NI)2A 
\ 89rd 8rd L? 


(2) 


where ¢ is the total flux crossing the air 
gap, NJ the ampere turns applied to the 
circuit, and L the length of the air-gap 
centimeters. 


Rader—Design of D-C Magnets 


BEA 
AAS: 


Y\_{ f) 
M 
CARI EA ORS 


PULL ~- POUNDS 


POLE FACE AREA~ SQUARE INCHES 


Figure 2. Effect of pole-face area on pull for 
various air gaps 
A. 0.060-inch gap 


B. 0.090-inch gap 
C. 0.120-inch gap 
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Figure 3. Effect of pole-face area on pull for 
various lengths of magnetic paths 


A. 7.5 inches 
B. 10.0 inches 
C. 12.5 inches 


Equation 2 is a much more accurate 
form to use when drawing conclusions of 
the effect on the force of changing physical 
dimensions. This equation states that if 
there is no magnetomotive-force drop in 
the iron, the force varies directly as the 
face area, directly as the magnetomotive 
force squared, and inversely as the air 
gap squared. 
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Optimum Pole-Face Area 


It is seldom economical to operate a 
magnet so low in flux density that the 
magnetomotive-force drop in the iron can 
be neglected. In general, then, when 
saturation is taken into account, it is pos- 
sible to show analytically that there is a 


_ pole-face area which will give the maxi- 


mum pull for any one particular set of 
conditions. The method involves finding 
a suitable expression for the B, H curve, 
solving for B in the particular circuit, and 
then substituting for B? in the force 
equation. This equation may be differ- 
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Figure 4. Effect of pole-face area on pull for 
various impressed magnetomotive forces 


A. 2,500 ampere turns 
B. 2,000 ampere turns 
C. 1,500 ampere turns 


entiated then with respect to the pole-face 
area to find the area for maximum pull. 
This method is long and tedious. It is 
faster and more accurate, as soon as a 
little experience has been gained, to solve 
a circuit by a trial-and-error method, using 
the saturation curve of the steel involved. 
To illustrate the results obtained by this 
latter method, the following example was 
worked out: A magnetic circuit was as- 
sumed to consist of a ten-inch iron path 
in series with an air gap of 0.060 inch, 
0.090 inch, and 0.120 inch with 2,000 
ampere turns applied to the circuit. Two 
assumptions were made: 


1. The ampere turns per inch of iron cir- 
cuit were constant. 


2. There was no fringing in the air gap. 


In view of data which are presented 
later, it will be seen that these two as- 
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sumptions introduce large errors. They 
are, however, necessary for a theoretical 
solution which must be arrived at without 
the aid of any experimental data, Figure 
2 shows the results obtained. It should be 
noted that the area for maximum pull 
varies for different air gaps. This point is 
of great importance for it means that each 
magnet design can be shaped for a par- 
ticular requirement. 

In the operation of d-c contactors it is a 
desirable characteristic to have the forces 
such that the armature will not hesitate 
when the contact tips first touch. By 
using the proper core head, the force 


Figure 5. Form of d-c magnet 
used in studying flux variations 


generated can be kept low in the fully 
open position and made a maximum at the 
point where the contact forces begin, so 
that, when the armature once starts to 
move, it carries the tips through their 
kiss-and-wipe position without hesita- 
tion. Figure 3 shows the result of varying 
the length of iron path for the case when 
the iron cross section is one square inch, 
the applied ampere turns 2,000, and the 
air gap 0.060 inch. Figure 4 shows the 
effect of impressing various magneto- 
motive forces on a magnetic circuit of 
ten-inch iron length, 0.60-inch air gap, 
and one square inch cross section. As 
the applied magnetomotive force is in- 
creased, the pole-face area for maximum 
pull decreases. 

In certain devices such as telephone re- 
lays, where the flux density is often very 
low, the pull of a magnet follows equa- 
tion 2. The size of the head or pole face 
can then be increased until the leakage, 
which is introduced because of the larger 
head, becomes a limiting factor. An ex- 
ample of this case using an equivalent 
electric-circuit analogy is treated in the 
literature.’ 


Air-Gap and Leakage Flux— 
Experimental Data 


Figure 5 shows a type of clapper mag- 
net whose proportions are to scale, which 
was investigated to obtain data on the 
distribution of flux in the circuit. Search 
coils consisting of five turns of 0.005E 
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wire were wound on the frame and arma- 
ture as shown at positions a, b, c, and d. 
The coil at b was wound very carefully 
as close to the air gap as possible and 
gave flux values which were taken as the 
air-gap flux. Data were taken on three 
such magnets, of the same proportions 
but of different sizes, which weighed 
about 8, 12, and 20 ounces. Various 
ampere turns were applied to the main 
coil; the flux in each of the search coils 
was then read for various air gaps. All 
flux data were taken in an engineering 
laboratory with a ballistic galvanometer. 
Using the measured values of density, 


a ARMATURE 


the magnetomotive-force drop in the iron 
was found and subtracted from the ap- 
plied magnetomotive force. The net 
magnetomotive force was used to calcu- 
late the flux which should cross the air 
gap, assuming no fringing. 

The results obtained are shown in 
Figure 6 where A, B, and C represent the 
three different sizes of magnet. It should 
be noted that the equivalent fringing fac- 
tor which may be taken as the ratio of 
measured-to-calculated flux is not con- 
stant but decreases with increasing den- 
sity—probably because of local satura- 
tion at the edges of the pole face. For 
magnets A and B the pole-face thickness, 
which, as shown on Figure 5, is the end- 


RATIO OF Seca’ AIR GAP FLUX 


200 300 400 500 600 700 800 
AMPERE TURNS ACROSS AIR GAP 


Figure 6. Ratio of measured to calculated air- 
gap flux for various impressed magnetomotive 
forces 
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plate thickness, was 0.094 inch. For 
magnet C the thickness was 0.125 inch. 
Because of the limited amount of data 
taken so far on this type of structure, no 
attempt has been made to determine 
fringing coefficients as a function of the 
air-gap dimensions. Figure 5, however, 
shows clearly the great error which would 
result if the air-gap flux is calculated on 
the basis of no fringing, even for the case 
where the separation is only 33 per cent 
of the pole-face thickness. 

Table III shows the ratio of the total 
measured flux in the core (the average 
of search coils ¢ and d) to the total meas- 
ured flux in the air gap. In these three 
magnets the core was about 25 per cent 
larger in cross section than the rest of the 
magnetic circuit, but the density due to 
leakage is seen to be very much greater 
than this increased section can accom- 
modate without excessive magnetomotive- 
force drop. 

That these large leakage factors are not 
peculiar to the type of magnet illustrated 
in Figure 5 is shown from data which have 
been taken on other types. Readings ob- 
tained on a magnet similar to Figure 1A, 
except with a long thin coil and smaller 
separation between the legs of the core, 
showed a ratio of flux measured at the 
center of the coil to flux measured at the 
pole face of 250 per cent to 333 per cent 
over the operating gaps of the magnet. 
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In a solenoid-type magnet, such as 
Figure 1B, the ratio of maximum flux in 
the circuit to the useful flux crossing the 
air gap was found to be 150 per cent. 
These leakage figures, of course, vary 
with the dimensions employed. No 
attempt here is being made to compare the 
leakages for various constructions. The 
only fact which is being presented is that 
leakage flux ind-c magnetic devices is of an 
order of magnitude which makes it neces- 
sary that their effect be considered in the 
design. The often seen assumption, 
“neglect leakage,’’ made in order to effect 
an analytical solution cannot be justified 


in many cases. 


Conclusions 


In addition to data presented here, ex- 
tensive tests have been conducted on 
many types of d-c magnets from which the 
following conclusions may be drawn. 


1. Residual forces in magnets may be very 
large. Ina circuit without an air gap, these 
forces are dependent on the residual induc- 
tion rather than on the coercive force. 
Since magnetic steels do not vary greatly 
in residual induction, an air gap must be in 
the magnetic circuit of even a low coercive- 
force material. 


2. There is a best pole-face area for maxi- 
mum pull. This area varies with the air gap 
and applied ampere turns. 


3. Conventional methods of calculating 
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Table Ill. Ratio of Core Flux to Air-Gap Flux 
; for D-C Magnets 
Magnet A Magnet B Magnet C 
Impressed Ampere Turns 
300 400 500 
Air-Gap Core Flux 
Length ——————in Per Cent 
in Inches Air-Gap Flux 
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flux in a magnetic circuit are likely to lead 
to large errors because of the lack of leakage 
coefficients in calculating air-gap flux. 


4. The flux density in a conventional mag- 
net with a small air gap may vary by as 
much as 300 per cent between one part of 
the circuit and another. 


5. A ballistic galvanometer is a very useful 
tool in d-c desigu because of its accuracy and 
ease of use. 
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Who else 
needs help at 
35,000 feet? 


T FIRST GLANCE, you might think that 
[ \ no one else needs help to fly at high 
altitudes 


once you’ve supplied the air- 
plane’s crew with oxygen masks and 
heated flying suits. 

But, as Army and Navy Air Forces 
engineers found out a few years ago, 
such is not the case. 

At high altitudes, as electrical engi- 
neers know, the electrical wire and cable 
in a plane need help too. It’s now com- 
mon knowledge that the distribution of 
electrical energy becomes more difficult 
to control as the air gets rarer. 

Today, the Army and Navy have an 
electrical insulation which resists the 
effects of corona at high altitudes. They 
got it by putting the problem up to the 
electrical industry. In solving this prob- 
lem, electrical design engineers skillfully 


put Fiberglas to its best use by« ombining 


ra 


it with the newest improved impregnants. 
Yet, these Fiberglas combinations have 
not only the virtues of . . . high dielectric 
strength and high corona resistance. 
They are also moisture-resistant 
highly resistant to heat . unaffected by 
most acids. 


For all these good reasons, the avia- 
tion industry’s demands for Fiberglas 
have been constantly growing with the 
fast-expanding output of planes. 

The demands for Fiberglas- 
insulated motors and generators 
in planes have also greatly in- 
creased. In addition, the grow- 


ing use of electrical equipment for Navy 
ships and many types of Army mechan- 
ized fighting and transport units has 
resulted in further demands for Fiber- 


glas insulation. 


To meet these demands, the 
production of Fiberglas was 
greatly increased last year... 
output is still being expanded 


every month, and will continue to be. 

For both the electrical industry and 
Fiberglas are determined to do every- 
thing possible to make Fiberglas avail- 
able for every vital wartime use. 

e e e 
Owens-Corning Fiberglas Corporation, 
Toledo, Ohio. In Canada, Fiberglas Can- 
ada, Ltd., Oshawa, Ontario. 
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START FOR A GQUQ LIFE 


Smooth-walled IRV-O-LITE XTE-30 Extruded Plastic 
Tubing slips over meter element leads of aircraft 
temperature indicators. Two colors of IRV-O-LITE 
are used to identify the leads. 


Pa) 


Soldering mefer-element leads insulated with 
IRV-O-LITE Ampto the complete circuit. The rigidly 
mounted felectric iron simplifies this solder- 
ing opeggtion. 


IRV-O-LITE insulated leads sofder successfully! 
IRV-O-LITE resists high altitide cold! 


In their temperature indicators for aircraft use, 
Thomas A. Edison, Inc., required an insulation that 
would meet their low temperature requirements 
and yet withstand soldering temperatures. Of equal 
importance, the tubing had to be flexible and thin; 
walled to resist sharp bends and create as litdl 
bulk as possible. These qualities, of course, wer@in 
addition to the necessary high dielectric andften- 
sile strength requirements. 

Because IRV-O-LITE XTE-30 meets all@stf these 
specifications, Thomas A. Edison, Inc. cli@se it for 
the job. 

Other desirable properties of IRY/O-LITE in- 
clude resistance to concentrated aci@ and alkalies 
—denatured alcohol—petroleum 4@lvents, includ- 
ing gasoline—and most coal tagfsolvents. It does 
not support combustion. 


Ex@ellent insulation over a wide range of tem- 
peratures — flexibility — elasticity — resistance to 
moisture, etc., are only a few of the many reasons 
why IRV-O-LITE Extruded Plastic Tubing is gain- 
ing ever-greater acceptance by electrical manu- 
facturers. 

Here are some data on XTE-30 for a quick 
check against your requirements: 

Dry Dielectric Stremathy oo.........ccccccccccssssssesessssssseseeeeeeeeneeeeeee 750 VPM 
Tensile Strength Lbs. per Sq. Vr... ccccccccccccccccsssseeseeeeeeee 2,150 
Resistance to Brittleness at low temperatures: 


Standard Wall XTE Tubing did not shatter when slowly 
pinched with pliers at oo... 40 deg: F. 


Life at, 105 deg: Coie een ee eee e400 hrs: 
Sizes, ranging from A.S.T.M. No. 24 to 112” L.D. 
Colors (opaque) black, green, white, yellow, red and blue. 


For applications where higher dielectric and tensile strengths are re- 
quired, and higher temperatures encountered, another type known as 
IRV-O-LITE XTE-130, is available. Further information may be had by 
sending for Product Information Bulletin No. FB-10. Write Dept. 36. 
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NOW available 
‘HAZAPAK RUBBERLESS ‘WIRE 


a New 


BUILDING WIRE 
That Conserves 
Critical Materials! 


HAZAPAK Rubberless Building 

Wire, approved by the Underwriter’s Laboratories, 
Inc., is now available for use as a building wire for 
lighting and power circuits. Its insulation and pro- 
tective coverings contain no critical war materials. 
HAZAPAK Rubberless Building Wire conduc- 
tors are first insulated with a sealed layer of Kodapak 
synthetic tape over which is wrapped a further pro- 
tective covering of moisture-proof, crumpled kraft 
paper. This insulation (full N.E.C. thickness), is 
then covered with a Dilec flame and moisture-re- 
sisting wrap. It consists of a cotton wrap with full 
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coverage of cotton threads wound on spirally with 
several threads wound on in the opposite direction, 
binding the cotton tightly to the wire and forming 
a smooth, fully-covering sheath slightly smaller in 
diameter and smoother than a braid. 

HAZAPAK Type EG Building Wire is ap- 
proved as the neutral grounded conductor in com- 
mon AC circuits and as the conductor in 
cable assemblies such as Hazardex, armored cable, twin 
lead encased, etc., where the W.P.B. Rubber Restriction 
Order prohibits the use of rubber insulation on the white 
or grounded neutral conductor. 

HAZAPAK Type EI Building Wire is approved for 
single conductor in open wiring as a wartime alternate for 
”” wire in non-metal- 


“white” 


rubber-insulated wire, and as the “hot 
lic sheathed cable that is run exposed in dry locations. It is 
available in any of the standard building wire colors. 
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1. Bare copper con- 
ductor. 


2. Kodapak (cellu- 


lose-acetate butyr- 
ate) tape insula- 


OAtion. 


CRITICAL 
SYNTHETICS 


3. Moisture - proof 
compacted kraft 
paper cushion. 
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4. Dilec flame and 
moisture - resistant 
covering. 


The use of Types EG and EI HAZAPAK Rubberless 
Wire is covered by Interim Amendments Nos. 44 and 69 
to the 1940 National Electrical Code. 

Consult our nearest office for details about this new type 


building wire or ask your wholesaler about HAZAPAK. 


HAZARD INSULATED WIRE WORKS 


Division of The Okonite Co. 
WILKES-BARRE, PA. 


Offices in Principal Cities. 


Salvage Your Scrap — Buy U. S$. War Bonds 
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PROVING GROUND FOR INSULATORS. 


The temperament of the Lapp organization is that of dissatisfaction with existi 
methods, existing designs. It is this spirit which produced the Line Post a 
which made necessary the Lapp laboratory, a corner of which is photograp 
above. No sanctum sanctorum, this laboratory is truly an engineers’ workshop, 
continuous day-to-day use, testing, discarding, proving new designs. As we lez 
A how to build better insulators, we build them. Meanwhile, we feel secure in c 


\ IRS claim that today’s Lapp insulators are adequately suited to today’s needs, t 
C S you can do no better than to insulate your lines with Lapp. Lapp Insulator C 
EE Le Roy, N. Y. 
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AN IMPORTANT ANNOUNCEMENT 


FROM THE NATION’S LEADING PRODUCER 
OF STEATITE CERAMIC INSULATORS 


\,SoMAac 


TRACE MADH MEGISTEQED VU. S$, PATENT OFFICE 


STEATITE CERAMIC INSULATION 
AMERICAN LAVA CORPORATION 


CHATTANOOGA’ + TENNESSEE 


RELAYS FOR SINALL-SPACE USE 


It’s much more of a trick to make a fine, 
accurate wrist watch than it is to produce an 
alarm clock. Similarly, the task of making 
really dependable and durable midget relays 
is one that calls for the best that a specialized 
manufacturer, already accustomed to high 
standards of quality, can give it—and here 
Struthers Dunn engineering excels. 


As a result, Dunco Midget Relays have 
established new standards of performance in 
a wide variety of applications where space is 
at a premium, and where dependability under 
exacting conditions of use is essential. They 
are produced in dozens of standard and special 
types and sizes for almost any requirement. 
Dunco Midgets are Underwriter approved. 


26 Dunco representatives located in every major 
war equipment manufacturing center throughout the 
U. S. and Canada are trained to help you in all 
problems of relay selection and use. Write or wire 
for address of your nearest representative. 


STRUTHERS DUNN, Inc. 


1321 ARCH STREET 


PHILADELPHIA, PA. 
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Be SURE... with 
CROCKER-WHEELER 


Other JOSHUA HENDY IRON WORKS factories at Sunnyvale, Pomona and Torrance, California and St. Louis, Mo. 
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For the particular job of making line hardware, 
casting imposes the fewest design restrictions. Func- 
tional or theoretical shapes, proved or amended 
by long field experience, are not sacrificed because 
of factory production problems. That is why O-B 
casts its hardware. It is cast in malleable iron for 
the reasons briefly listed to the right... You needn’t 
look far to find an O-B hardware user. Ask him 
about any phase of O-B design; ease of installation, 
strength, durability. Youll see there are some real 
reasons why O-B hardware should be your choice. 


2422-H 


MANSFIELD, OHIO 


Canadian Ohio Brass Company, Ltd., Niagara Falls, Ont. 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


Hardware Is Today’s 
Best Buy Because-- 


Malleable iron is shaped by cast- 
ing which allows correct fuctional 
design to be incorporated with the 
fewest compromises broughtabout 
by manufacturing restrictions. 


Malleable Iron is, fortunately, the 
least critical metal in the ferrous 
group--easiest to obtain for ap- 
proved use. 


Malleable iron has a good, practi- 
cal ratio of strength to weight-- 
O-B hardware is amply strong 
for the heaviest service. 


Malleable iron, upon rusting, 
forms a tenacious, indestructible 
coating of iron-oxide that acts as 
a perfect protection for the metal 
underneath--it is unique in this 
valuable respect. 


Malleable iron is extremely duc: 
tile--will withstand severe twist- 
ing and bending without failure. 
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Speaking of superior races... 


VERY WHEEL that rolls on the battle- 

field turns in a polished bearing race, 
ruggedly built to take the terrific shock 
of combat service. 


To withstand such punishment, bear- 
ing races must be hardened by heat- 
treatment. Hard and soft spots occasion- 
ally occur. Such races may fail—at times 
when failure means disaster. 

Recognizing the vital need, Westing- 
house Research Engineers set to work to 
develop a quick, sure method of detect- 
ing these flaws. 

Their ingenious electromagnetic flaw- 
detector is based upon the fundamental 
law that the permeability of a heat- 
treated steel part varies with the degree 


of hardness. 


In actual practice, the bearing race is 
completely demagnetized. Then it is rap- 
idly rotated and strongly magnetized. 
While the race is still turning at high 


We stinghou 


PLANTS IN 25 CITIES... OFFICES EVERYWHERE 
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speed, its magnetic field is explored with 
a specially designed electromagnetic 
“pick-up.” 

Variations in the magnetic field of the 
bearing race, due to hard or soft spots, 
induce feeble currents in the pick-up 
system. These currents are amplified and 
shown visibly on a cathode-ray oscil- 
loscope. 

A uniformly heat-treated bearing race 
traces a luminous straight line on the 
oscilloscope screen. Faulty heat-treating 
shows up as a pattern of hills and valleys. 

The electromagnetic flaw-detector is 
now being used commercially—a typical 
example of Westinghouse electronics at 
work. 

It assures quality in millions of bearing 
races for our armed forces, to keep ’em 
rolling on to victory! 

Westinghouse Electric & Manufactur- 
ing Company, Pittsburgh, Pennsylvania. 


Electronic fingerprints — A Westinghouse 
Research Engineer demonstrates the principle 
of the electromagnetic flaw-detector. Hard 
spots in the steel test piece show up as an 
irregular line on the oscilloscope screen. 
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HELPING AMERICA MEASURE UP 


% We can feel sure that the men who fight our battles 


are fully equal to the mighty task that faces them. * 


But the planes, ¢ 


must measure UP» £00., Liat s Our job—those of us 
home. How Macht ae eee’ good? «+ + are questions 
that only our hard work can answer. * Electrical 


snstruments are 4 small but extremely vital part of 


America’s war 


making all we can, the best we 49) as fast as WE can. 


SIMPSON ELECT RIC COMP ANY 


5200-5218 WwW. 


INSTRUMENTS 


THAT 
Buy War Bonds and 
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anks, ships, and guns they fight with 


machine. Here at Simpson We 


Kinzie Street, Chicago, Illinois 


STAY ACCURATE 


Stamps for Victory 
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OWER supply and electrical equipment for the great plants 
producing vital armament and other war materiel require depend- 
able protection to insure against production delays. 

Such protection is being provided by S&C Type “SM” Power Fuses 
for many important installations. The one shown above on the prop- 
erty of a large aviation engine plant illustrates the small space 
required. Electrical engineers have selected these fuses because of their 
dependability, uniform accuracy in time-current characteristics and 
their high interrupting capacity. Their use also saves labor and instal- 
lation time,—and they require the use of very little critical metals com- 
pared to other types of interrupting equipment of equivalent capacity, 


High Interrupting Capacity 
Within their ratings —S&C Type “SM” high interrupting capacity 
Fuses provide the ideal protection. They are made for indoor or out- 


door service for 2300/4000, 6600, 13,200, 22,000, and 33,000 volt 


circuits in ampere capacities from 1 to 400, with short circuit inter- 


rupting ratings up to one millon KVA. eB 
Recommendations by S&C engineers will help you select appro- SHORT CIRCUIT-INTERRUPTING RATINGS IN R.M.S. AMPERES 
. . . Fuse Voitage |* | | 
priate protective equipment. rating >| 7,500 7,500} 15,000/23,000|34,500 
CircuitVoltage>| 2,300 /4000) 6,600}13,200/22,000/ 33,000 
SCHWEITZER & CONRAD, INC, “sere See ee 
t .SMB-4_ | 27,500 _}25,000}20,000}18,00010,000 
° ° ° SMPC-5 | 30,000 _|25,000/20,000117,500115,000 
4435 Ravenswood Avenue, Chicago, Illinois SMP-5 | 40,000 _|35,000130,000125,000120.000 
——SMP=5_|__40,000_135,000'30,000!25,000/20,000__ 
Manufactured in Canada by Powerlite Devices, Ltd., Toronto, Ontario. eT RIEL Contes 


TYPE “6M” 


POWER FUSES 


12 Please mention ELECTRICAL ENGINEERING when writing to advertisers JUNE 1943 


i 


FOR 
CAPACITORS! 


X-Ray Photo of 
Solar Molded 


Domino Capacitor 


There’s an inside story of capacitors, too. 


The genius of Roentgen is helping select the A-1’s, not 
only in the field of medicine but also for quality inspection of 
molded capacitors. 


Today, fluoroscopic inspection is an established procedure 
at Solar, assuring accurate centering of windings in Domino 
Molded Paper Capacitors. This ‘‘ounce of prevention” guaran- 
tees capacitors which truly reflect “Quality Above All’! 


Solar Manufacturing Corporation, Bayonne, New Jersey. 
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BRUSH PROBLEMS DON’T 
STAY ANSWERED 


.«- because Stackpole Engineering Progress makes 
yesterday’s developments out-of-date today 


CHECK THIS LIST 
AGAINST YOUR NEEDS 


Brushes e Anodes « 
Bearings « Brazing Blocks « 
Brake Lining « Electrodes « 

Packing, Piston, and 

Seal Rings e 
Pipe » Rheostat 

Plates and Dises « 
Welding Rods, Electrodes 

and Plates, etc. 


«.«. also All Carbon, Graphite, 
Metal and Composition Contacts 


STACKPOLE ELECTRONIC 
COMPONENTS 


Fixed and Variable Resistors 
Jron Cores « Switches 


_ MOLDED METAL PO 
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It pays to check brush requirements for all types of rotating electrical 
equipment at frequent intervals against the latest that Stackpole engineer- 
ing may have to offer. 

Why? Well, simply because brush engineering is a fast-moving business, 
and Stackpole engineering is the fastest-moving of all. 


One after another, over a period of years, Stackpole brush developments 
have been matching the need for higher speed operation, better commuta- 
tion, and higher capacity. Today, under impetus of war requirements, this 
work has been greatly intensified and broadened into new fields such as 
brushes for high-altitude work and various others. 


All of which means that brush problems don’t stay answered. What 
might have been good enough before, may no longer be good enough by 
comparison with recent Stackpole developments. 


Stackpole brushes are sold only to manufacturers of original equipment. 
Inquiries will receive prompt attention. 


STACKPOLE CARBON COMPANY, ST. MARYS, PENNSYLVANIA 


DER AND CARBON PRODUCTS 
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NE of Hitler’s greatest head- 

aches is America’s vast steel 
production—this year more by far 
than that of all the Axis countries 
combined. 

The “hot seat” for Adolph 1s being 
made especially hot by America’s 
great electric furnaces . . . for they 
produce the fine alloy steels that 
make the vital parts of our planes, 
guns, and ships just enough better to 
spell the Axis’ doom. 

These vitally important furnaces 
depend upon electric current—cur- 
rent which must be delivered unfail- 
ingly night and day. Only electrical 
wires and cables of the finest quality, 


of the utmost dependability, can be 
entrusted to this job. 

We are proud that products of 
American Steel & Wire Company 
play such an important role in deliv- 
ering power and light to America’s 
vast war production machine. The 
quality of our electrical wires and 
cables is no accident. For years and 
years our engineering and production 
departments have worked for con- 
stant improvement. 

And they continue to work on new 
ideas and developments to take care 
of the increased wartime demands for 
power and light and the ultimate con- 
version to peacetime requirements. 


AMERICAN STEEL & WIR 


Cleveland. Chicago Uss 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 


and New York 


E COMPANY 


United States Steel Export Company, New York 
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INTERNATIONAL RESISTANCE COMPANY 


427 N. BROAD STREET~- PHILADELPHIA 


Reservoir of 


RESISTOR RESEARCH for Today and Tomorrow 


Keeping in step—or a little ahead — with 
developments of electronic applications for 
Industry, Research and Communications is 
the day-by-day job of IRC’s Engineering 
and Executive staffs... And while we’d like 
to tell you the complete and dramatic story 
of essential equipment in which our spe- 
cially engineered components are playing 
vital roles today, this information must re- 
main a military secret. 

But you may be certain that as the results 
of IRC’s wide-ranging research are brought 
from the files they will be found applicable 
and pertinent to the many challenging de- 
mands for new resistance units. 


INQUIRIES INVITED 


If you are up against a problem involving 
resistances, please feel free to call upon us 
for assistance. Because IRC makes more 
resistors of more types, in more shapes, for 
more applications than any other manufac- 
turer in the world, you can depend upon 
receiving unbiased engineering counsel. 
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UNIT SUBSTATIONS © 


are quickly installed and easily moved 


7 AR-PRESSED utilities and industrials are greatly 
accelerating the already-strong trend from piece- 

meal to unit substations—from planting a substation 
niece by piece to placing it as a unit. Unit design 
neans quick installation, and it means you can easily 


nove your substation to follow load shifts. 


Actually, the advantages of unit substations begin 
vith their selection. You can select a complete, standard 
order it with a simple func- 


factory 


ubstation as one unit, 
ional specification, and have it 
issembled—weeks sooner than would be possible for a 


shipped 


yiecemeal assembly. 


Then, by installing these compact, safety-enclosed 
nits right at load centers, you can greatly shorten 


econdary runs, save precious copper by the ton. 
Finally, you have a co-ordinated substation— every 


art designed to fit and function with every other 


ont plant 


subs 


tation 


Factory-assembled sections are slid into place 
quickly. 
just as easily, 


The substation can be moved elsewhere 


should it become desirable. 


part. Engineers see the benefits in remarkable service 
records. And everyone appreciates the vastly improved 
appearance, which gives greater flexibility of installation 
in urban areas. 


Our attractive, new 36-page bulletin will give you 
useful information. Ask your G-E office for GEA-3800 


or write direct to General Electric, Schenectady, N. Y. 


GENERAL €@ ELECTRIC 


MEDIUM-PRESSURE ‘GF 


He is an extension in the operating 
range of gas-filled cable that gives you all the 
advantages of low-pressure ‘‘GF’’—the cable 
which has given years of satisfactory service 
on circuits from 10 to 40 kv. This new 
medium-pressure cable is designed for high- 
voltage circuits from 40 to 69 kv. 


“To you, the most important feature about 
this cable is that it is just as easy to install 
and maintain as is the low-pressure “GF.” 


How the operating range was extended 

This higher operating range has been made 
possible by increasing the inside pressure to 
45 psi, as compared with the 15 psi for the 
low-pressure cable. Moreover, the same 
high factor of safety that is built into low- 


pressure ‘‘GF’’ has been retained in this new 
cable. 


For more detailed information on “GF” 
cable — 

1. Write for Bulletin GEA-3652. You 
will want to keep this publication for your 
files; it contains information on what ‘‘GF’’ 
cable is, how it is used, its performance and 
advantages, and the accessories needed. 


2. The advice and experience of G-E 
cable engineers are always available to you. 
Call on your G-E office at any time. One of 
our cable specialists will be glad to discuss 
with you this new voltage range of ‘‘GF” 
cable and its possibilities. General Electric, 
Schenectady, N. Y. 


4 advantages of ‘GF’ cable 


Easy to install—no auxiliary manhole equipment 


Only routine inspection and maintenance—no specially trained personnel needed 


No profile problem—no compound migration 


Self-supervision— prompt, automatic warning if a leak occurs 


TROP TET cree 
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GENERAL € ELECTRIC 


501-18-1200 


Two- borne 
Outdoor Potential Transformers 
Type E-236 (Supersedes Type E-116 
Pyranol or Oil-filled 
24 to 69 kv 


Height reduced ..........15 to 50 per cent 
Weight reduced .........10 to 60 per cent 
Liquid volume reduced .. . . .45 to 90 per cent 


You Can Put Them up in the Structure...with Your Current Transforme 


SIMPLIFY CONNECTIONS — Their light weight and small size enable 
you to mount them in the structure—thus simplifying primary 
(high-voltage) connections. 


SAVE SPACE— Mounting in the structure saves valuable ground 
space. 


SAVE FOUNDATION EXPENSE—When you put them up in the 
structure you don’t need to construct a separate foundation. 


HANDLE THEM EASIER— Their reduced size and weight make them 
easier to install. 


REDUCE MAINTENANCE—Forget about testing or inspecting the 
insulating liquid; it’s hermetically sealed in—there are no gaskets. 


Here’s How They’re Built 
ACCURACY — These transformers meet the highest accuracy classi- 
fication— 4W, 4X, YY, 4Z—and they’re suitable for both 
metering and relaying. 


INSULATION—Ample insulation is provided to meet the ASA 
standards on both impulse and low-frequency tests. 


BUSHINGS — Sealed bushings eliminate gasketed joints: 
TANK AND COVER—Steel plate is used, and the tank is hermet- 
cally sealed by welding the cover to it—again, no gaskets. 


CORE—The core is rectangular in shape, and is similar to the 
*Spirakore design used in G-E distribution transformers. 
“PYRANOL OR OIL-FILLED—For the best protection to your 
system, you'll want to specify Pyranol—General Electric’s non- 
inflammable cooling and insulating liquid. It has high dielectric 
strength and is chemically stable. 


*Reg. U. S. Pat. Off. 


The Army-Novy "'E, for Excellence 

~ In the manufacture of war equip- 5 
ment, now flies over six G-E plants | 
employing 100,000 men ond women. 


GENERAL “) ELECTRIC | 


604-11-6400 


lo waven well designed an instrument may be, accurate 
calibration and reliability in service determine its ul- 
timate usefulness. Testing, therefore, has long been an 
important final step of our manufacturing; approxi- 
mately 10% of the total man hours required to produce 
a General Radio instrument is spent in our standardizing 
laboratory. Here a carefully planned schedule of tests 
and measurements transforms an unadjusted, uncal- 
ibrated device into a precision instrument. 

Testing specifications embody not only the rigid re- 
quirements imposed by the design objectives of the 
instrument, but also the field data collected in hun- 
dreds of case histories of similar instruments. Engineer- 
ing test and calibration operations cover far more than 
meter reading and embrace a wide variety of precise 
electrical measurements. 


in the GENERAL RADIO 
Standardizing Laboratory 


To carry out these tests, capable personnel, adequate 
test equipment, and reliable standards are necessary. 
Many of the staff have engineering degrees or are grad- 
uates of engineering institutions. All are capable tech- 
nicians. The laboratory equipment includes the entire 
line of General Radio instruments as well as those of 
many instrument manufacturers in other fields. As a 
basis for the measurements; the laboratory maintains 
precise, accurately-known standards of resistance, ca- 
pacitance, inductance and voltage. Frequency measure- 
ments are based on the engineering department’s pri- 
mary standard. 

Quality control in the General Radio Standardizing 
Laboratory is the result of years of experience in in- 
strument manufacture; it is the customer’s assurance 
of uniformly accurate and reliable instruments for his 


own testing department. Ve 4 


NEW YORK 


<> GENERAL RADIO COMPANY : Cambridge, Massachusetts | 
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For Control of 
Welding Apparatus 


TO IMDICATOR 


For Remote 
Position Indication 


For Control of 
Instruments and 
Test Apparatus 


For Control of 
Lamp Dimming 


For Control of 
Electronic Tubes 


For Control of » 
Current and Voltage 


For Control of 
Motor Speed and 
Generator Fields 


ree 


Widest Range of Sizes for Every Rheostat Need 


Today’s critical service requirements 
further emphasize the basically sound 
design of Ohmite Rheostats. The all- 
° porcelain vitreous enameled construc- 
tion and other time-proved Ohmite fea- 
tures provide permanent smooth, close 
control in countless applications . . 


best size for every need. There are ten 
sizes ranging from 25 to 1000 watts— 
from 1%” diameter to 12” diameter—in 
straight or tapered winding—in single 
or tandem units—ia regular or special 
designs—to provide the exact unit for 
each application. Many stock types. 


control of motor speed and generator 
fields, of electronic tubes, instruments 
and test equipment, of welding appa- 
ratus, lamp dimming, remote position 
indication, and many other devices. 
The Ohmite series of power rheo- 
Stats is the most extensive today, so 
complete as to make it easy to select the 


Send for Handy Ohmite Ohm’s Law Calculator 


Thousands of these Ohmite Calculators are in prac- 
tical use today. Figures ohms, watts, volts, amperes— 
quickly, easily. Solves any Ohm's Law problem with 
one setting of the slide, All values are direct reading. 
Send only 10c in coin to cover handling and mailing. 
(Also available in quantities.) 


Units produced to Government speci- 
fications. 

Ohmite Engineers are glad to work 
with you on any problem to facilitate 
the design of new devices for today— 
and tomorrow. Write on company letter- 
head for Catalog and Engineering 
Manual No. 40. 


OHMITE MANUFACTURING COMPANY, 4303 Flournoy Street, Chicago, Ill., U.S. A. 
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When load begins to rise, as shown by this Micromax load record, the temperature recorders shown in 
the insert help watch over generator temperatures. Multiple-point Micromax at left records stator 
temperatures; single-point instrument at right records rotor temperature. 


WHEN OVERLOAD PILES UP 


Micromax Temperature Recorders Help Operators 


Today, when the burden of carry- 


ing maximum load requires power 
plants to take advantage of every 
factor at their disposal, Micromax 
Temperature Recorders are helping 
to solve several operating problems. 
Temperature—the condition which 
determines ultimate load—is used 
by the operators to show them the 
net effect of the load changes which 
are also indicated by ammeters, 
voltmeters and other instruments. 
The operator, guided by these 
readings, can push overload right 
up to the highest safe temperature 
without risk to insulation. When 
generators are cut in, the danger of 


loading too rapidly is minimized; 


On this control panel for a large hydro 
of three generators. 


Jrl Ad N-33-161(3a) MEASURING INSTRUMENTS + TELEMETERS 


LEEDS & NORTHRUP COMPANY, 4962 STENTON AVE., 


‘LEEDS & NORTHRUP 


AUTOMATIC CONTROLS 


A Slogan For All Americans 


nor need the operator waste pre- 
cious minutes to be safe. He sees 
the exact temperature increase of 
rotor and stator on the Micromax 
When a 
generator is taken off the line and 
must be cooled slowly, he can watch 
the rate of cooling so that copper 
and insulation may contract without 
excessive strain. 


record as he increases load. 


Equipping the Micromax instru- 
ment to sound an alarm as soon as 
any temperature reaches a prede- 
termined maximum, leaves the oper- 
ator free for other duties yet insures 
his attention the minute it’s needed. 

Rotor temperature recorders are 
single-point instruments. For re- 
cording stator temperatures, how- 
ever, 8-point Micromax instruments 
are used, allowing two measure- 
ments for air or hydrogen and six 
for stator coils. 

For further details, we'll be glad 
to send Catalog N-33-161 Micromax 
Temperature Instruments for Electric 
Power Equipment on request. 


tation are Micromax temperature recorders for fields and stators 
Shown also are Micromax transformer temperature recorders, and instruments for 
load-frequency control 


PHILA., PA. 


HEAT-TREATING FURNACES 
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Model 500A is a direct reading Elec- 

tronic Frequency Meter to read the 
frequencies in the range between 10cps and 50kc. At 
the higher frequencies you can measure the frequency 
difference between two radio frequency signals. In 
crystal grinding you can quickly measure the deviation 
from standard. As with all -/p- instruments, simplicity 
and speed of operation plus high accuracy are prime 
virtues. Excellent accuracy; plus or minus 2% of the 
full scale value: Good sensitivity; variation of the in- 
put voltage from 0.5 volts to 200 volts will affect the 


meter by not more than plus or minus 1%. Readings 


Calibrations on meter face 
are easily read 


MODEL SOOA ELECTRONIC FREQUENCY METER 


are independent of line voltage since a variation from 
105 volts to 125 volts will affect the meter by not 
more than plus or minus 1%. 

Get full particulars about this new -/p- instrument 
today. Data sheets will be sent you promptly and 
without obligation. Ask, also, for your copy of the 

new -hp- catalog which gives 

full information about other -Ap- 
instruments and explains many 


standard tests and measurements. 


| HEWLETT-PACKARD CO. 


/ BOX 1135B STATION A, PALO ALTO, CALIFORNIA 
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Your local KCA TUBE and 
EQUIPMENT DIST, KIBUTOR 


offers You THESE SERVICES 


"Round the corner from your plant is a man whose 
chief stock in trade these days is his ability to help busy 
war industries get needed Radio and Electronic 
materials faster and use them to better advantage. 

That man is your local RCA Tube and Equipment 
Distributor. Behind him is an organization which has 
been dealing with things Electronic since the 
“knee pants” days of Radio. 

They know how to get the materials you 
need. They know how to use these properly 


once they’ve been obtained. You'll find their technical 

advice and recommendations as big a help as their 

personalized expediting service which assures fast, 
accurate deliveries. 

Whether it’s one RCA Tube or a hundred—they’re 

ready and geared to help you. They’ll help you, too, in 

obtaining condensers, resistors, rheostats, con- 

trols, potentiometers, coils, transformers, wire, 

and numerous other Radio and Electronic 

components produced by many manufacturers. 


RCA RADIO-ELECTRONIC TUBES 


RCA Victor Division, RADIO CORPORATION OF AMERICA, Camden, N. J. 


Special Assembly Method — show- 
ing single metal washer which 
facilitates protective coating 
against corrosion 


Standard Assembly Method—sow- 
ing conventional petal-shaped 
brass contact washer 


Now —if you are a manufacturer of electrical equipment for military use 
—we offer you a complete design and manufacturing service, producing 
Selenium Rectifier power supply units for use with your equipment. 


And, if your production lines require D.C. power, we can design Selenium 
Rectifiers for any power range. Units available with either the widely used 
standard assembly or the new special assembly, coated for protection against 
marine and other high humidity services. 


All equipment powered by long-life, trouble-free I. T. & T. Selenium Recti- 
fiers — accepted as standard by the electrical industry. 


Consulting Engineering Service available. For descriptive bulletins address 
Technical Department. 


SELENIUM RECTIFIER DIVISION 


Federal Velephone and Radio Corporation 


1000 Passaic Ave. 
East Newark, New Jersey 


bo 
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BOEING STRATOLINER 


Constant voltage protection all the way 


Ask the men who produce planes and the men 
who pilot them. They'll tell you what vital part 
constant voltage plays in modern aviation. In the 
sky, it’s constant voltage on the directional beam 
which guides the ships through night and storm. 
In the shop, it’s constant voltage on the production 
line which maintains the split-hair accuracy of 
precision airplane parts. 

For the aircraft industry—and for your own— 
Sota Constant VOLTAGE TRANSFORMERS provide 
this all-important stabilized power. They stand 
between costly equipment and destructive voltage 


fluctuations now common on overloaded power 


Constant! 


eT 


lines. Without supervision they instantly absorb 
power sags and surges as great as 30%. 

For unerring operation of precision tools, and 
protection of almost irreplaceable instruments 
and electronic tubes, put Sota Constant VOtt- 
AGE TRANSFORMERS on duty in your plant. 
They’re built in standard units from 10 VA to 
15 KVA capacity—self-protecting against short 
circuit and without moving parts. Special units 


can be built to specification. 


Note to Industrial Executives: Find out how Sola 
“CV™ transformers can solve voltage control problems in 


your operations. Send for bulletin ACV-74. 


Bs 
s mers 


ioe 


Transformers for: Constant Voltage * Cold Cathode Lighting * Mercury Lamps * Series Lighting « Fluorescent Lighting » X-ray Equipment + Luminous Tube Signs 
Oil Burner Ignition » Radio » Power * Controls * Signal Systems * Door Bells and Chimes « etc. SOLA ELECTRIC CO., 2525 Clybourn Ave., Chicago, Ill. 
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“YOU HAVE DONE A GOOD JOB 
OF SENDING GLASS TO WAR” 


94 Please mention ELECTRICAL ENGINEERING when writing to advertisers JUNE 1943 


HERE’S ALL YOU DO TO MAKE 
ROCK BOTTOM SAVINGS 


READ THIS QuicK CHECK LIST 
THEN MAIL COUPON FOR 
COMPLETE STORY! 


YOU ENJOY LOWEST PRICES WHEN youR COIL FORMS 
COME WITHIN THESE STANDARDS 
ch and 3 holes tapped. 
coil forms 5/32 


holes for 


AMETERS betwee? 1 in 
nch thick wit 


OUTSIDE DI 
inches. 
ALL THICKNESSES between 


MAXIMUM of 10 
inch to 7/32 i 
of 2 holes tapped. 

of 14 grooves to th 


h maximum 


w 5/32 inch and 
9/32 inch. 


e inch. 


MAXIMUM 
ons+2.0 %, 


LENGTHS up tO 9 inches (with better prices 


for shorter lengths). 


TOLERANCES OD general dimensi 
+ 0.010 inches. 


put not less than 
andards. 


holes for coil forms Vy inch 


h maximum of 4- * Proposed A.S.A. St 


-cost standard types, Corning Multiform Insula 
d in almost any other size or shape. 


MAXIMUM of 20 
and 9/32 inch thick wit 


In addition to low 
may be ha 


tors 


pour Glass Works 
nsulation Divisio 
n, Dept.N-67, C i 
» Corning, N. Y. 


Please 

sendu i 

suas s estimate on coil form 

print and data below: pia Maer 
Quantity...... 


When Needed (date) 


: . as Sia gs a a Raa me 
lectrical Characteristics 


eevee 


IN'Amne sre reieterorele 
oi hl Se ees 
ii nate 
peeing 
| ee 
's a registered trade-mark and indicates erseererrnr weccem- ee 
L ) i encunnnneuni 
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CONTROL CENTERS 
Galricated ly KIRK & BLUM 


The illustration below is a series of control panels for various industries, we can, with equal skill and 
and desks for an airplane motor test room. This dexterity, fabricate your special products. Our ex- 
entire assembly is an excellent example of one of the tensive modern plant facilities and a corps of skilled 
various sheet metal products fabricated by Kirk & workmen are further assurance that your work will 
Blum in strict adherence to customer's design and be completed with speed and economy. 
specifications. 


Consult Kirk & Blum Engineers. They will analyze 


With a background of specialized experience of more ~. ‘your problems and make recommendations to solve 


than thirty-six years, fabricating sheet metal products them to your decided advantage. 


ACCURATE SHEET STEEL FABRICATION—CAPACITY 3/3 INCH and LIGHTER 


SEND US YOUR BLUE PRINTS for PROMPT QUOTATIONS 


Send for Booklets— 


“Data on KIRK & BLUM Pro- “Blower Systems for Wood- 


duction Facilities” working Plants” 

“Dust Collecting Systems in « : ” 
Metal Industries” Industrial Ovens 

‘Fan Systems for Various In- ‘Cooling Systems for the 
dustries”’ Glass Industry” 


THE KIRK & BLUM MANUFACTURING Go. 


AN ORGANIZATION OF ENGINEERS AND MECHANICS | 
2855 SPRING GROVE AVE. CINCINNATI, OHIO 


| 
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This little drop with billions of others, taken collec- 
tively, forms the impervious film which protects the 
giant transformers, generators and motors of American 
industry as well as the special electrical units required 
by our Armed Forces. Such is insulating varnish— 
although only a few mils thick, it provides the necessary 


protection to electrical units. 


Perhaps you do not know just what type of varnish 
to specify for treatment of your newly designed units. 
It is a very complex problem as varnish insulation and 
treatment which may prove very successful for one 
type of an electrical unit may be entirely unsatisfactory 


for another. 


We maintain a fully equipped laboratory for those 
who are confronted with an insulating varnish prob- 
lem. Weare confident, no matter what your problem 
may be, that with our years of research and specializa- 
tion in the field of insulating varnishes, we can help 
you. There are no obligations, so why not let us 


assist you? 


MANUFACTURERS OF 
CHINALAK Insulating Varnishes Cable Enamels 


SYNTHITE Insulating Varnishes Radio Waxes 
Stator Compounds Melting Compounds 
Filling Compounds Sticking Compounds 


Red Oilproof Enamels 


JOHN C. DOLPH COMPANY 


Insulating Varnish aren | 


166-8 


EMMETT ST. 


NEWARK. 
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Somenf The 


CRESCENT 


aay 


That Are Meeting Todays Special Needs 


For war housing, industrial 
wiring and interior wiring of 


all kinds. 


mee | BOOW OR 


Extensively used in ship- 
yards, and for the manufacture 


of tanks, guns and planes. 


For portable power leads to 
drills, tools, welding and con- 


struction machinery. 


For electric power and con- 


trol circuits aboard ship. 


For general industrial power 
wiring. Widely used because 
no rubber required in construc- 
tion, and can carry larger cur- 
rents for same size copper con- 
ductors. 


Warnished Cambric Power Cable ; 


iit 


SHIPBOARD CABLE 


. Factory: TRENTON, N. J. — Stoc 


CRESCENT 


WIRE and CABLE | 


ks in Principal Cities 


bE 
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3 OF A SERIES 


Electronic heating will do it in 


seconds instead of minutes 


By ELECTRONIC heating, small gears 
can now be case-hardened to a pre- 
determined depth in a few seconds. 
The hardness pattern may be rig- 
idly controlled as to shape and size. 
The whole rim of teeth, the tooth 
tips or the tips and sides of the 
teeth may be -hardened as desired. 


In other electronic heating appli- 
cations, a metal rod is brazed to its 
metal bushings and terminals in 11 
seconds . . . in another, a metal 
shell is soldered to its base in 3 sec- 
onds... and ina third case, a glass 


JUNE 1943 


Two electronic tubes, the G-E phanotron 
and the G-E pliotron, supply the high-fre- 
quency waves used in electronic heating. 


tube is fused to a metal base in air- 
tight, permanent bond in 20 sec- 
onds. Scores of new wartime uses 
are showing the advantages of un- 
interrupted operation, high speed, 
and quality production. 

G-E electronic tubes have two 
functions in electronic heating. The 
G-E phanotron supplies the direct 
current. The G-E pliotron converts 
this current to high-frequency waves 
and creates the heating field. 


This field may be localized .. . 


precisely controlled as to amount, 


GENERAL @ ELECTRIC 


EXPLAINING THE USES OF ELECTRONIC TUBES IN INDUSTRY 


direction, or area limit. Few heating 
methods offer industry such flexi- 
bility, accuracy and uniform results. 
It is the purpose of the G-E elec- 
tronic tube engineers to aid any 
manufacturer of electronic devices 
in the application of tubes. General 
Electric, through its nation-wide 
distribution system, is also pre- 
pared to supply users of electronic 
devices with replacement tubes. 
Also, we will be glad to place in- 
terested men in your plant on our 
mailing list. For example, we will 
send a full-color spectrum chart 
showing electronic tubes and appli- 
cations. Write on company letter- 
head. Electronics Dept., General 
Electric, Schenectady, New York. 


On Sunday evening listen to the General Elec- 
tric Mazda Lamp program over the N. B.C. 
network. See newspapers for time and station. 


162-B6-8850 
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OR years, electrical equipment manufacturers 
have relied upon the Armstrong Cork Com- 
pany for solutions to their sealing problems. 
Armstrong makes more than 50 sealing materials, 
including synthetic rubbers, cork-and-synthetic- 
rubber compositions, and cork-and-rubber composi- 
tions. Armstrong’s sealing specialists know how to 
determine the right material for any sealing job. 
For example, you may need a tough, resilient, 
oil-resistant, weatherproof gasket that will com- 
press without side flow. Synthetic rubber meets all 
these requirements except one: it flows under pres- 
sure. Cork, on the other hand, is truly compressible. 


RUBBER 


~ ARMSTRON 


02020, 009020700] 
Boos Oe TO COIS) 


Synthetic Rubbers e 
Cork Compositions e 


Gasket for oil-filled circuit breaker 


It does not flow laterally, but changes its shape only 
in the direction of the applied force. Armstrong 
combines cork and synthetic rubber to produce 
compositions which provide cork’s compressibility 
plus synthetic rubber’s mechanical strength; re- 
sistance to oils, solvents, sunlight, corona; and im- 
perviousness to liquids and gases. 

For services where there is no need for true com- 
pressibility, or where lateral flow is desired, Arm- 
strong makes materials that contain no cork. 

Rolls, Sheets, Special Shapes 

Armstrong Compositions are available in rolls, 
sheets, gaskets, and molded or extruded shapes— 
for sealing transformers, switches, potheads, oil- 
filled cables, circuit breakers, condensers, and other 
electrical equipment. For practical, unbiased rec- 
ommendations, send your sealing problems 
to Armstrong Cork Company, Industrial 
Division, 4006 Arch Street, Lancaster, Pa. 


0S GASKETS - SEALS » PACKINGS 


Cork-and-Synthetic-Rubber Compositions* 
_. Fiber Sheet Packings 


Cork-and-Rubber Compositions 
e._ Rag Felt Papers ° Natural Cork 


*FORMERLY. **CORPRENE”? | 
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“Just getting the wire laid was a tough problem. Keeping it intact in bombings, 


shellings and adverse weather is a twenty-four-hour proposition. . 


. . Wire repair 


crews are made up of four men. Three stand guard while the other works.” 
(From story by Sgt. James W. Hurlbut, Marine Corps Combat Correspondent ) 


Telephone Exchange on Guadaleanal 


JUNE 1943 


Marine communications men built it under 
fire. And it has been kept built. The 
“Guadalcanal Tel & Tel” covers well over a 


thousand miles of wire. 


That is where some of your telephone mate- 
rial went. It’s fighting on other fronts, too. 
We're getting along with less here so they 


can have more over there. 


Telephone lines are life-lines and produc- 
tion lines in a war. Thanks for helping to 
keep the Long Distance wires open for vital 


calls to war-busy centers. 


WAR CALLS COME FIRST 


BELL TELEPHONE SYSTEM 


5 TRUCKS FOF 


1230 SIXTH AVENUE ROCKEFELLER CENTER ¢ NEW YORK 


UNITED STATES 
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1 TRUCK FOR U.S. 


June 1943 


JRDINARY WIRE 


REG. U. S. PAT. OFF. 


4 TRUCKS RELEASED FOR 
OTHER MATERIEL TRANSPORT 


Every day our Armed Forces are in the field, 
distances from base to front lengthen... 
problems of transportation increase...every 
cubic foot of space that can be saved for the 
S.O.S. is vital. 

U.S. Laytex Assault Wire requires only */s 
the space in transport of ordinary communica- 
tions wire. 

In the unique Laytex Process, the com- 
pounded, purified latex is applied to the 
electrical conductor by dipping. Conductors 
are perfectly centered and the weight of the 
insulation and the diameter of the insulated 
conductor are kept at the minimum. 


Lightweight and small bulk are only two 
advantages of U.S. Laytex Assault Wire. It 
resists concussion and a wide range of tem- 
perature changes. Laytex is waterproof and 
extremely flexible. 

Laytex Assault Wire weighs less than 30 
Ibs. per mile...a mighty important feature 
when menare marching with full equipment. 
It has a talking distance of five miles and a 
breaking strength of 50 lbs. per conductor. 


RUBBER COMPANY 
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NEGATIVE TEMPERATURE | 
COEFFICIENT RESISTANCE |. 
MATERIAL . . . 


EVELOPED to com- 

pensate for electrical 
resistance changes due to 
temperature variations—to 
reduce or eliminate initial 
current surge in electrical 
equipment—to provide va- 
rious degrees of time delay 
in electrical units—used as 
a remote unit for tempera- 
ture measurement, etc... . 


Write for information. 


Representative units 


Manufactured by 
KEYSTONE CARBON COMPANY, INC. 


SAINT MARYS .. . PENNA. 
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And, “‘by the same token,” you can’t get as much grease 

into a single-row-width ‘‘sealed”’ ball bearing, as goes into 
the double-row-width “CARTRIDGE” BALL BEARING of 
equal bore and outside diameter. Look at the section 
drawings herewith, and you’ll see why. 

2 W-width shielded or “‘sealed’”’ bearing, 
grease space inside the sealing plates. 
r there is no space available for a highly- 
rease- tight seal. 

N ow, in contrast, see that big grease reservoir between 
the seals, in the “CARTRIDGE” BEARING section—pro- 
viding at least DOUBLE THE GREASE CAPACITY of the 
pies or ‘‘sealed’’ bearing, and greatly extending the 

7S uint€rvals)Note, too, how the wide, inwardly-ex- 
Janges, and the oil grooves on the inner ring, 
IDEAL SEAL THAT PREVENTS THE ESCAPE 
= AND EXCLUDES DIRT, whatever the shaft 


angle. 

Furthermore, the “CARTRIDGE” SEALS ARE REMOV- 
ABLE AND REPLACEABLE, should you wish to inspect the 
bearing or change the grease. And the refilling plug makes 
it easy to put in a new charge of grease. You can’t do this, 
with the ordinary shielded or ‘“‘sealed”’ bearing, which is 
permanently sealed. 

QUALITY, too, is just as vital as QUANTITY, in the 
grease in your bearings. So, every “CARTRIDGE” BEARING 
leaves our factory, packed with NORMA-HOFFMANN 
“STABILITY-TESTED” GREASE, which has great resistance 
to oxidation as well as excellent lubricating properties. 


AURMA-AVFFMANK, Summing up ... all these distinctive,features» of» 


NORMA-HOFFMANN “CARTRIDGE” BALL BEARIN 
kG A RTRI D GE- mean prolonged bearing life, less lubrication attentio: 
and lower maintenance cost. Write for the Catalog, 
BALL BEARI NG enumerating many additional advantages. Let our. eng 
neers work with you. 


NORMA-HOFFMANN BEARINGS CORP'N, STAMFORD, CONN. e FOUNDED 1911 
TO WIN THE WAR: Work—Fight—Buy War Savings Bonds! 
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‘ell 


... meeting industry's 
vast production needs 


In every type of motor, generator and 
dynamotor—in both main and auxiliary. 
drives—MORGANITE brushes are vital 
to essential-industrial production. They 
have the ‘guts’ to consistently deliver; 
engineers and production men know 
these brushes by past performances. 


MORGANITE brushes eliminate service 
interruptions, tie-ups and work stop- 
pages. The remarkable results achieved 
for industry over the years, are now 
being duplicated and even surpassed 
for the war-effort. 


MORGANITE engineers will gladly col- 
laborate in the solution of your brush 
problems; your inquiries are invited. 


WRITE FOR DATA BOOKLET. 


The MORGANITE 30-page 
informative booklet is avail- 
able on request without ob- 
ligation. The correct type, 
material and application are 
described in detail. 


MORGANITE BRUSH CO. 


tucoRPORATEDB 


LONG ISLAND CITY, NEW YORK 


MORGANITE 


EROVOX 


MOTOR STARTING 
CAPACITOR 


ayrF 


ai 
gts snr 


MF?: 


AX 


CAE, 


avs 
“e130 pes, Fx 2001 
hey srart 3 9ee ye 
Lost 
TENT NOTICE ENG 


way CORPORATIOS 


BEDFORD. MAS>-* 


@ Acrovox introduced the high-capacity AC elec- 
trolytic capacitor for motor-starting. This develop- 
ment revolutionized the fractional horsepower motor 
art and made the moderate-priced electric refrigerator 
feasible. 


Aerovox has pioneered in other capacitor types and 
applications as well, and today is still pioneering in 
the industrial, electronic and radio fields. 


Such pioneering courage, together with exceptional 
engineering experience backed by unexcelled pro- 
duction facilities, may be yours by simply specifying 
“AEROVOX" for capacitors. 


Send us your problem if it deals with capacitors, for 
engineering collaboration, specifications, quotations. 
Literature on request. 


INDIVIDUALLY 
TESTED 


AEROVOX CORPORATION, NEW BEDFORD, MASS., U.S.A. + SALES OFFICES IN ALL PRINCIPAL CiTiES 
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Export: 100 VaRicK ST.,N.Y.C. © Cable: ‘ARLAB’ + In Canada: AEROVOX CANADA LTD., HAMILTON, OnT. 
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About Criticial Material ? 


Now is the time to investigate the new design opportunities of 
Universal quality-controlled porcelain; produced by automati- 
cally controlled equipment that guarantees uniform high quality. 
Chances are that many of your parts can be better produced — 
with advantages in dielectric strength, corrosion, thermal and 
acid resistance, and better appearance. Many war important 
products should now be redesigned — releasing much critical 
material for direct war use. A Universal porcelain engineer will 
be glad to work with you in your redesign problems. 


THE UNIVERSAL ctay propucts co. 


1560 EAST FIRST STREET + + * SANDUSKY, OHIO 


The spirit of Lafayette is a fight- 
ing spirit. Lafayette Radio is bending every 
effort to speed America’s war production by 
( supplying emergency requirements of radio, ) 
sound and electronic parts to all branches of 
the armed forces as well as to manufacturers 
and subcontractors. 
Make Lafayette your headquar- 
ters for parts. A single order to Lafayette, no 
( matter how large or how small, will bring quick ) 


delivery on all of your parts requirements. 


Free 130-Page Catalog. Radio, Sound and 
Electronic Parts. Write 901 W. Jackson 
Blvd., Chicago, Ill., Dept. 6C3. 


aS 


¢ Deliver . 
pola ha f Sound and Electronic Parts’ 


or Radio, 


JuNE 1943 


Aa 


Typical Littelfuse 
Universal Fuse 
Panel meade up 
from B/P. 


Your panels come 
precisely to your 
specifications. 


d ,, ; : ; 
LITTELFUSE 
Universal FUSE PANEL No. 1505 
Blueprint comes to you without charge. With it you can quickly 
designate the Fuse Panel for your requirements—exactly to your 
specifications. One number covers your mounting. No. 1505 specifies 
Standard Panel Mounting; first dash number, size of fuse required; 


second dash number, the number of poles required. If bus bars are 


required, specify separately, and specify poles to be bussed. 
READY TO MOUNT 


These strong light panels are equipped with terminals and Beryl- 
lium Copper Fuse Clips, or terminal studs. They meet all Air Corps 


requirements. They insure the utmost in durability. 


LITTELFUSE 


INCORPORATED 


4757 Ravenswood Ave. 
CHICAGO, ILLINOIS 


260 Ong Street 
EL MONTE, CALIFORNIA 
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MATTHEWS 
HOLDFAST LAMP 
GUARDS 


Better because they 
remove lamp fire haz- 
ards; they stop lamp 
breakage; they stop un- 
authorized lamp remov- 
al; they are stronger 
and will last longer. 


_NEW YORK TRANSFORMER COMPANY 


24528 WAVERLY PLACE,NEW YORK,N.Y. 


Protection and 
Safety with 


They are the only 
lamp guards which are 
guaranteed for 10 years. 


They are approved 
by Fire Underwriters. 


They are made in | | 
four sizes, of 14 bwg 
wire and for brass or 
weatherproof sockets. 


For protection and safety to life and 
| equipment—test your grounds regularly 
with the dependable VIBROGROUND! 
No calculations . . . no hand cranking 

. merely press the button to get direct 
readings in ohms on an evenly divided 
scale. Accuracy is not affected by stray 
ground currents. Write for the Engineer- 
ing Bulletin No. 251-1 today. 


Write for Bulletin A-B 
which will give you full de- 
tails including net prices. 


W.N. MATTHEWS 
CORPORATION 


Deliveries under government requirements are 


) facilitated by two large sub-contracting organ- 
ST. LOU IS, U. S. A. | izations combining to increase Triplett output. 


«= TRIPLETT ELECTRICAL INSTRUMENT CO., BLUFFTON, OHIC 


Associ iaTeED Rese rARc A 


2ated 
y= 93) SO. GREEN ST., CHICAGO 
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— 


ST ea 


FOR ELECTRONIC PERFORMANCE 


Controlling electrons to a useful purpose 
requires transformers of exact performance 
characteristics. Acme precision-built trans- 
formers for electronic applications, when 
submitted to unbiased tests, invariably win 
top honors for performance. If yourelectronic 
application is out of the ordinary, let Acme 
transformer engineers help in its solution. 


FOR 
EXAMPLE 


Acme com- 

pound - filled 

transformers 

for short = 

wave communication, public address systems 
and other radio applications are preferred for 
their serviceability under temperature vari- 
ations from —40° to +1202, 


And preferred for rugged construction, 
trouble-free long-life. Typical, high voltage 
plate supply transformer for transmitter. 
33,000 volts, 1.8 ampere secondary. 


ISOLATING TRANSFORMERS 


For use wherever radio, communication, or 
other electrical equipment must be tested 
with complete freedom from outside inter- 
ference. Shielded secondary winding and 
shielded secondary cable isolate primary fluc- 
tuations and interference. Write for details. 


THE ACME ELECTRIC & MFG. CO. 


CUBA, N.Y. 


22 WATER ST. 


Acmo<tii Eleetrie 


wo RAN SF ROM 


June 1943 


ER SS 


PERMANENT 


MAGNETS 


Q ... than Electro- 
Vs Magnets for 


wi .. Units 
wt 


With many years of experience in 
this branch of electronics, we can 
bring two 


to your problems 


services: 


1 » = help in designing the best 
type of permanent magnet for 
your particular instrument or 
equipment. 

2 » « « manufacturing facilities with 

modern skilled craftsmen. 


In this connection, we suggest you 
study the merits of ALNICO and 
NIPERMAG, two superior per- 


manent magnet metals. 


6-CC-4 


CINAUDAGRAPH 


CORPORATION 


STAMFORD, CONNECTICUT 


MATTHEWS 
HOLDFAST LAMP 
CHANGERS 


Removes and replaces 
lamps in high places, such as 
ceilings, side walls, electric 
signs, etc. Like a human hand 
on the end of a wooden pole. 
Saves time and prevents lad- 
der accidents. 


To remove or replace lamps 
from side walls or at an 
angle, pull cord attached to 
the swivelled ring. This 
bends the wristlike coil 
spring so that the Changer 
will work just as well at a 
right angle to the rotating 
pole as in vertical position. 

Shipping weight each, 1 
pound. 


No. 2 


For 50-Watt Rough Service, 15 to 
100 Watt Mazda and other lamps up 
to 3 inches in diameter. 


Less 


Price Each 


No. 2 Than 6 to 11 ee 
Price Each| $5.00 |$4.75| $4.50 
No. 3 


For 60 to 500 Watt Mazda Lamps 
and other large and odd shapes up 
to 5 inches in diameter. 


Less 
Than 
6 


$5.50 


12 or 
ore 


No. 3 6 to 11 


$5.25 


$5.00 


All Prices F.O.B. St. Louis, Mo. 


Specially treated wood handles can 
be furnished in 6-foot sections at 
$3.75 per section including couplings. 


Your Electrical Supply Jobber 
Will Fill Your Order. 


W. N. MATTHEWS 


CORPORATION 
ST. LOUIS, U. S. A. 
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EXPORT DIVISION: 1900 VARICK STREET 


Whether for direct manual adjustment or for 


In the Nerthern 
States, on the Gulf 
Coast, and both east 
and west—Minerallac 
Insulating Com- 
pounds are specified 
... proving that these 
materials do ‘‘stand 
up’’ no matter what 
change in tempera- 
ture may arise. 


front-of-board control, Jagabi ‘“Lubri-tact”’ 
Power Rheostats can be depended upon to 
do a real job where quality of construction, 
ruggedness, durability and maximum heat- 
dissipating qualities are required. Suitable 
for either d-c or a-c control in 4 sizes and 76 
ratings as high as 25 amps, 1.6, ohm and 
30,000 ohms, .1 amp. Available in screw- 


driven fine adjustment types, and with metal 
cages, multiple sliders and other modifica- 
tions. Write for Bulletin 1620-EE. 


@ WRITE FOR BULLETIN 186 e 


MINERALLAC ELECTRIC Co. 


James G. Biddle Co. 


ELECTRICAL AND SCIENTIFIC INSTRUMENTS 
1211-13 ARCH STREET PHILADELPHIA, PA. 


25 NORTH PEORIA ST. CHICAGO 


40 Please mention ELECTRICAL ENGINEERING when writing to advertisers JUNE 1943 


His Dependable “Mike” Keeps Him in 
Constant Touch with His 
Fighting Friends 


isolated from his fellows by clouds or enemy 
attack ... the military flyer has this inspiring 
reassurance: his words, spoken into the de- 
pendable, sensitive microphone, will be heard 
instantly by scores of fighting comrades. 


Kellogg microphones, made to the high per- 
formance standards of the Armed Forces, are servy- 
ing our fighters not only in planes. In rumbling 
tanks, speeding command cars, in combat vehicles 
of every type, at airports and ground stations, their 
sensitivity, ruggedness and accurate transmission 
qualities are in the thick of battle. 

Into their manufacture goes the same specialized 

S& Ay ct engineering skills—the same precision methods of 

manufacture—that have made Kellogg an honored 

name in the whole field of communications for 
almost half a century! 


KELLOGG SWITCHBOARD & SUPPLY CO. 


6666 So. Cicero Avenue, Chicago, Illinois 


Also Flying 
with Our Fighters— 
These and Other 
Kellogg Products 


Capacitors— 
Wax and Ol) 


WANTED — Sub-Contract Orders for Microphones and 
Other Military Communication Equipment 
ee Prime or sub-contractors of the U. S. Government will find 
Head and | : Kellogg fully qualified to produce microphones and associated 
Chest Sets precision communication equipment. This 46-year old firm has 
hod the facilities and manpower to handle contract orders for hand, 
throat and palm microphones; telephone and radio earphones ; 
volume control and switch boxes; multi-contact plugs and 
sockets; capacitors and other components for radio, telephone 
and telegraph equipment. 


t 


Z ENGINEERING 
a ; AND RESEARCH 


Radio Noise BUILD 
Filters , 


a 
jtpewu«aL wae AND Peace 
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Fewer moving parts 
assure the utmost 
in dependability 
THE NEW 
AGASTAT 


RGAS TAT ; 
ryPe RSE | 


TIMING —_ 


2] 
Fac] 


¢ Bis 2 GATS 
patent WOE, ORARTE TT ATOR CO, 
‘GAS ACCUMULA 
AMERICAN peri Sls U.S.8 
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3 from thousands 


of Burndy Solderless Connectors 


Hylug—Type YAG (indent type) 


Servit—Type KS 


TO THE E.E. WHO SAYS: 


We're having a helluva time 


with solder’... 


Burndy left the solder pot behind over 20 
years ago—and the millions of sound Burndy 
solderless connectors since put in service un- 
der every conceivable operating condition 
prove what a great step forward this was! 
For tiny wire connections, or for the larg- 
est conductor connections for heavy current 
loads, Burndy solderless connectors replace 


YOU DON’T NEED A DROP OF SOLDER TO MAKE A GOOD JOINT!” 


Whatever connector problem may be both- 
ering you today, Burndy has either solved it 
in 20 years of specialized engineering in this 
field—or will solve it for you now, with a 
connector custom-made to fit your needs. 
Call in a Burndy representative. If he can’t 
show you time and cost savings decidedly 
worth-while, invite him to go fly a kite! 


the messy, time-wasting solder pot with 
simple clamping elements . . . providing 
SPEED and EASE and a BETTER ELEC- 
TRICAL CONNECTION. 


Burndy 


Qiklug —Type QA-B YOUR ELECTRICAL CONNECTION PROBLEM 


THE ANSWER TO 


UNDERGROUND ° POWER . WIRING * GROUNDING 


107 EASTERN BOULEVARD, NEW YORK CITY 


OVERHEAD ° 


BURNDY ENGINEERING CO., INC. * 


QUICK CURRENT MEASUREMENTS 


WITH A 
TONG TEST AMMETER 


Increased production and time are, perhaps, two of 
the most important factors in our nation’s war effort. 
That’s why a TONG TEST AMMETER should be 
standard equipment in every plant doing any kind of 

war work. 


This remarkable, portable in- 
strument saves valuable hours be- 
cause it measures both A. C. and 
D. C. up to 800 amperes in less 
than five seconds without necessi- 
tating a break in circuit or insu- 
lation. This almost unbelievable 
speed enables maintenance men 
to keep a closer check on current 
loads and, thus, keep productive 
machinery working at top speed. 


Weighing only 234 pounds, a 
TONG TEST AMMETER can be 
used anywhere by anyone. Get 
the complete facts by writing 
today for a copy of the TONG 
TEST bulletin. 


COLUMBIA ELECTRIC MEG. 
4519 Hamilton Ave. 


co. 


Cleveland, Ohio 


TONG TEST AMMETERS Hime U: 
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GOWAN CONTROL 


THE ROWAN CONTROLLER CO., BALTIMORE, MD. 


JUNE 1943 


SS Ane Arnold Engineering Company is proud to receive the Army-Navy “E” award — fous 


for great accomplishment in the production of war equipment. We realize that 


this award carries with it not only honor, but a responsibility. The manage- 


\ OOS 
aes 


ment and personnel of The Arnold Engineering Company will continue with the 


same high devotion, energy, and skill to turn out products for the war effort. 


ARNOLD [\NGINEERING (OMPANY 


147 EAST ONTARIO ST. + CHICAGO, ILLINOIS 
Specialists in the Manufacture of 


ALNICO PERMANENT MAGNETS * CAST ARMOR * SPECIAL ALLOYS 


) BANKS EVERY “WAR-TORN” J 
ENGINEER NEEDS! Me se 


A-C CALCULATION 
CHARTS 


By R. LORENZEN 


This new Rider Book greatly reduces the time 
required for alternating current engineering calcu- 
lations—speeds up the design of apparatus and the 
progress of engineering students. Two to five times 
as fast as using a slide rule! Thousands of enthu- 
siastic users. 

A-C CALCULATION CHARTS are designed for 
use by civilian engineers and engineers of the 
armed forces who operate in the electrical —com- 
munication — power — radio — vacuum tube —tele- 
phone—and in general, the electronic field. Inval- 
uable for instructors as well as students, and also 
executives who check engineering calculations. 


SHEARS—DI-ACRO 
shear squares and sizes ma- 
terial, cuts strips, slits, 
notches. 


ag BRAKES—DI-ACRO 
BENDERS — Di-Acro Bender bends angle, chan- Brake forms non-stock 
nel, rod, tubing, wire, moulding, strip stock, etce., angles, channels or ‘‘Vees’’. 
2 sizes. Capacity up to }4” cold rolled steel bar. 


NO DIES — NO DELAYS 


“Beat The Promise”’ on delivery this new way: Use The DI-ACRO System of 
“Metal Duplicating Without Dies’’ — and have parts finished before dies 
could hardly be started. 
DI-ACRO Machines — Shears, Brakes, Benders 
are precision-built STANDARDIZED units 
so designed you can readily convert them into 
highly SPECIALIZED productive machines 
suited to your own particular needs. You may 
adjust, alter or remove any of the original con- 
tact surfaces, attach operating clamps, guides 
and gauges, or quickly set up your own forming 
surfaces or conversions. Either right or left hand 
operation and mounting of each unit. The result 
is a practically unlimited adaptability fora great 
variety of DIE-LESS DUPLICATING. Write 
for catalog—Metal Duplicating Without Dies”’. 


JOHN F. RIDER PUBLISHER, Inc. ONEIL-IRWIN 


404 FOURTH AVENUE, NEW YORK CITY | 360 Eighth Avenue South ° MINNEAPOLIS, MINNESOTA 
Export Division: Rocke- International Elec. Corp.. 100 Varick St.. N.Y. C. + Cable: ARLAB~ 


$7.50 


160 Pages 
914x12inches 


CATHODE RAY TUBE 
AT WORK 


The Cathode Ray Tube at Work is the 
accepted authority on the subject. The 
cathode ray tube in the Oscillograph and 
its application to electronic and industrial 
work -is fully discussed. Profusely illus- 
trated. 338 pages..--+-+-++-+-- $3.00 
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DEVELOPMENT—DESIGN 


ELECTRO-ACOUSTICAL.— Several com- 
munications engineers needed by progres- 
sive company in expanding engineering 
department. 


TELEPHONE DEVELOPMENT.— Grad- 
uate electrical engineer needed; good 
theoretical knowledge of acoustics desira- 
ble; some experience with magnetic cir- 
cuits, acoustical measurements. 


LABORATORY ENGINEER.—for labo- 
ratory measurements and tests on a-f com- 
munications apparatus, a graduate electrical 
engineer. To design and supervise equip- 
ment for production testing; must maintain 
laboratory standards. Familiarity with 
government specifications and inspections 
procedure desirable. 


COMMUNICATIONS SIGNALING. — 
Design engineer familiar with application 
and molding technique of plastics. Should 
have several years of design experience on 
small electrical apparatus; understanding of 
magnetic and electrical circuits desirable. 


PERMANENT — POSTWAR. — Positions 
concerned now with war contracts and 
planning postwar developments. Technic- 
ally expert staff going places. Those now 
employed at highest skill in war industry 
need not apply. Communicate with Chief 
Engineer, giving background and salary 
requirements. Write, phone or wire. 


GREAT AMERICAN 
INDUSTRIES, INC. 


70 Britannia Street 
Meriden, Connecticut 


ENGINEERING 
RESEARCH 
Prien hiCals@©ok 


An Outstanding Opportunity 
For an Outstanding Man 


Our company has attained a leading posi- 
tion in the field of small compact electrical 
parts, widely used in communication equip- 
ment and industry in general. Our products 
and markets are widely diversified assuring 
a stable, permanent base. 


We have reached the point where we wish 


to separate engineering and _ research 
functions. 


The man we seek is to direct our research 
activities leading to development of new 
products. He must be deeply rooted in the 
fundamental physical sciences. He must be 
resourceful and original. He must be 
capable of doing research himself as well as 
directing the activities of others. He has 
already done it or is doing it now. He must 
have a sufficient practical slant to conserve 
time and energy, 


The work is interesting. The remuneration 
depends on the individual. Located in 
Eastern Penna. 


In reply, please state qualifications com- 
pletely, all details of which will be main- 
tained confidential. Those now engaged in 
war work cannot be considered. 


Address Box 260, Electrical Engineer- 
ing, 33 West 39 St., New York City 
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POSITIONS OPEN 
in 
COMMUNICATIONS 
MANUFACTURING 


Long established manufacturer of high 
quality communications equipment will 
engage competent engineers for per- 
manent work on present wat contracts 
and later on post-war problems. 


If you are not now employed in fullest 
capacity in war work, here is an oppor- 
tunity to join an industry located in a 
New York State city of 300,000 people, 
well known for its cultural and recrea- 
tional advantages. Excellent living 
conditions—not a ‘‘boom-town.” 


Age is no barrier up to 60 years, pro- 
vided you have good health and are 
willing to work 48 hours a week. In 
some instances, approved experience 
record in this field will be accepted in 
lieu of college degree. 


ELECTRICAL ENGINEER. Start July Ist. 


College graduate for product design of 
electrical devices, such as automatic 
temperature control units, relays or 
telephone or radio equipment. Knowl- 
edge of vacuum tubes essential. 


ELECTRICAL ENGINEER. Start July Ist. 
Recent graduate in E.E. to design small 
switchboards and fittings, components 
for electric control equipment. Some 
experience in radio and telephone work 
desirable. 


COMMUNICATIONS ENGINEER.  Col- 
lege graduate to design and develop 
sound reproducets with amplifiers for 
assembly into sound systems for office 
and industrial applications. Wanted 
immediately. 


ELECTRICAL RESEARCH ENGINEER, Col- 
lege graduate with several years ex- 
perience in audio-frequency develop- 
ment work. Thorough knowledge of 
fundamentals of communications engi- 
neering and acoustics. Wanted imme- 
diately. 


ACOUSTICAL ENGINEER. College gradu- 
ate with degree in Physics or E.E. 
Able to carry out mechanical design of 
loud speakers. Knowledge of manu- 
facturing methods essential. Wanted 
soon as possible. 


State age, education, qualifications, 
experience, availability and salary ex- 
pectations, in strict confidence. 


Address Box 254 
ELECTRICAL ENGINEERING 
33 West 39th St., New York City 


CLASSIFIED 


ADVERTISEMENTS 


RATES: Sixty cents per line; mini- 
mum charge based on use of five lines; 
maximum space not to exceed thirty- 
five lines. Copy is due the 15th of the 
month preceding publication date. 


BS in EE and Licensed Professional 
Engineer desires cree position 
more fully utilizing abilities. Experience 
includes electrolytic production of mag- 
nesium, design and supervision of design 
and preparation of purchase specifications 
for electrical facilities in large electro- 
chemical plant, and 12 years’ design and 
supervision of design of light and power 
distribution systems for very large eastern 
utility. Personnel relations have always 
been satisfactory. Age 40, married, 
American-born. Member AIEE. West 
preferred, but East or Middle West 
considered. Address Box 259, ELEC- 
TRICAL ENGINEERING, 33 West 39th 
St., New York City. 


WANTED 

AN ELECTRICAL ENGINEER 
who has written upon technical subjects 
and would like to do so again. A leading 
industry publication with a number of 
contributors who write clearly, concisely, 
interestingly and accurately upon as- 
signed subjects at space rates would fur- 
ther enlarge this group. Indicate educa- 
tion, industry and writing experience and 
age to Box 255, ELECTRICAL ENGI- 
NEERING, 33 West 39th St., New York 
City. 


ELECTRIC MOTOR ENGINEER. 
A large midwest organization wants an 
electrical engineer with experience in 
electrical fractional horsepower field. 
Work involves knowledge of design, 
production and costs in connection with 
small motors as applied to a variety of 
merchandise. Permanent position in de- 
velopment and testing laboratory. Should 
be college graduate and draft exempt. In 
reply give full details regarding age, 
education, experience and salary ex- 
pected. All replies will be held in strict 
confidence. Those employed at their 
highest skills in war work not con- 
sidered. Address Box 262, ELECTRICAL 
ENGINEERING, 33 West 39th St., New 
York City. 


ELECTRICAL DESIGN ENGINEER 
wanted, preferably with background of 
a-c and d-c fractional and small integral 
hp motors. Permanent. Excellent post- 
war opportunity. If not employed in 
war production to highest skill, write 
giving experience, education, age, draft 
status, and salary expected. Location, 
Chicago. Address Box 261, ELECTRI- 
CAL ENGINEERING, 33 West 39th St., 
New York City. 


ELECTRICAL or ELECTROCHEMI- 
CAL ENGINEER thoroughly versed 
in the theory of liquid and solid dielec- 
trics, to direct a research and develop- 
ment program in the development and 
application of dielectrics to capacitors. 
This is an unusual opportunity for a 
capable engineer interested in his present 
and postwar future. Industrial Condenser 
Corp., 1725 W. North Ave., Chicago, Il. 


JUNE 1943 


TO A RESEARCH ENGINEER 
WITH IDEAS 


Wearea relatively young but fast growing concern in the Middle 
West, specializing in transmission and distribution equipment. 

e have a small but 
department. 
chandisers. 


We are looking at present for an electrical engineer of resource- 
fulness to help us in the design of new equipment for the electrical 


most modern plant and a fine research 
We flatter ourselves for being aggressive mer- 


utility industry. He should have some practical {experience but 
mainly a lot of sound imagination and ideas. 


To such a man we can offer a very satisfactory income, an excel- 
lent opportunity for promotion and a permanent connection with 
a financially strong organization. 


If you feel you meet these qualifications and if you are not now 
ina full time war job, we wish you would write us. We might 
have just what you had always hoped for. 

Address Box 263 Electrical Engineering, 


33 West 39th St., New York City 


SALES ENGINEERS WANTED 


With electrical engineering background and knowl- 
edge of electrical distribution practice. This oppor- 
tunity will be of permanent nature and is with a lead- 
ing manufacturer in the electrical distribution manu- 
facturing business established on a national basis. 


Successful applicant will act as specialist working 
with company representatives now well acquainted 
with utilities and other customers. Location, Middle 
West. 


Address Box 264, Electrical Engineering, 
33 West 39th Street, New York City 


ELECTRIC PLANTS 


% Thousands of ONAN ELECTRIC PLANTS 
are supplying electric service for our Armed 
Forces all over the world. On land, sea, or 
in the air, in combat or defense, they are 
doing a winning job. 


Available in sizes 350 to 35,000 watts, A.C. 
or D.C. also dual output; 50 to 800 cycle; 6 
to 4000 volts; gasoline driven; Air or water 
cooled. 


LIGHT, COMPACT, 
STURDY 


We'll be glad to furnish 

details on your present 

or post-war need for 
Electric Plants. 


D. W. ONAN & SONS 


\ 1930 Royalston Ave., Minneapolis, Minn. ] 
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... To Engineers, Pro- 
curement Officers, Pur- 
chasing Agents, School 
Department Heads and 
Instructors. Write on 
official letterhead for 
this new, most com- 
plete up-to-date Allied 


1943 BUYING GUIDE 


SPEEDS SUPPLIES 
for War Training, 
the Armed Forces, 
Laboratories and 
War Industries 


10 


sauna 


Ou specialized service greatly 
simplifies your procurement 
problems. You get everything 
you need in Electronics and 
Radio at one time from this one 
dependable central source— 
over 10,000 items for War 
Training and Combat, for Lab- 
Oratories, Maintenance and 
Production. Our large stocks 
speed delivery of emergency 
needs. Our experienced staff 
works with you and for you. 


SPECIAL ASSISTANCE FOR WAR TRAINING PROGRAMS 
Our Educational Division helps you with your program. 
The new free 1943 Allied Buying Guide gives you the 
latest information on books, kits, tubes, tools, test equip- 


ment, public address . . 


. everything you need in Elec- 


tronics and Radio for war training in the classroom, 


laboratory or shop. 


ALLIED RADIO CORP. 833 Jackson - Dept. 44-F-3, Chicago 


6 VALUABLE NEW RADIO BOOKS FOR 75c 
Specially prepared by technical experts for radio training and for 
helpful reference. Priced only to cover cost of preparation and mail- 


ng. Get all six for 75c. 
RADIO DATA HANDBOOK. 
Formulas, Tables, Charts. 
No. 37-754 25¢ 
DICTIONARY OF RADIO 
TERMS. Easy-to-understand 
definitions. 
No. 37-751. .10¢ 
RADIO BUILDERS’ HAND- 
BOOK. Simplified theory 
: and projects. 

° Z No. 37-750, 10c 


AS 
RADIO BUILDE 
WANDBOOK 
ig 


apoio co 
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Please mention ELECTRICAL ENGINEERING when writing to advertisers 


Write for Quantity Quotations 


RADIO CIRCUIT HANDBOOK. 
Schematics and Pictorials. 
No. 37-753... 10c 


RADIO-FORMULAS & DATA 
BOOK. Handy, pocket-size 
radio manual. 

No. 37-752 10c 
SIMPLIFIED RADIO SERVIC-/«...,,,, 
ING. Short cuts in trouble- 


shooting. 
No. 37-755 


..10¢ 


(MANUAL OF 
RADIO SERVICING 


i" 
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ALLIED RA 


CHICAGO 
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sugtional SN 


BUS DROP 
CABLE 


NATIONAL 


Designed for branch circuit 

runs from the plug-in devices on 

busway systems, wireways and 

other raceways to machine tools 
and other similar applications. — 


1. Saves rubber. Insulation and jacket 
made entirely of ‘National SN" thermo- 
plastic material. 


2. Eliminates steel. No conduit re- 
quired for branch circuit from the bus 
plug-in device or feeder raceway to the 
machine. 


3. Eliminates special fittings. Stand- 
ard National Electric EZ Armored Cable 
Connectors used as box connections. 


4.  Fire-resistant. ‘‘National SN” 
thermo-plastic material will not burn. 


5. Highly resistant to oils, acids, 
alkalis, moisture, cutting and cooling 
fluids, and mechanical abuse. ‘National 
SN” Bus-Drop Cable renders maximum 
serviceability at minimum. cost per 
machine. 


National Electric | 


PROOUCTS CORPVURATION 
Pittsburgh, Fa. 


BLACK & VEATCH 


Consulting Engineers 


Water, Steam and Electric Power Investiga- 
tions, Design, Supervision of Construction, 
Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


REG, 1911 


CHRISTIAN E. BROWN 


Electrical Engineer 


MEM. A.LE.E. 


DESIGNS—SPECIFICATIONS—REPORTS 
Tel. 6604 MANCHESTER, CONN. 


Member A.I.E.E. 


JULIEN H. DAVIS 
Consulting Engineer 


Industrial 
Utility—Electrical—Mechanical 


740 So. Broadway Los Angeles, Calif. 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive CHICAGO 


JACKSON & MORELAND 


Engineers 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 
PATENTS OBTAINED & SEARCHED 
for any invention in U. S. Pat. Off. 

1234 Broadway Phone 
(At 31 St.) NEW YORK = Longacre 5-3088 


SANDERSON & PORTER 


ENGINEERS 


FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


of 
INDUSTRIALS and PUBLIC UTILITIES 


Chicago New York San Francisco 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


THE J. G. WHITE 
Engineering Corporation 


Design— Construction—Reports— 
Appraisals 


80 BROAD STREET NEW YORK 


Numerous readers of ELECTRICAL ENGI. 
NEERING (this edition 23,400 copies) 
frequently require the services of a consult- 
ing engineer. Through this directory, the 
professional consultant can keep his name 
constantly before these readers, at small 
cost. Rates on request. 


J. W. WOPAT 
Consulting Engineer 


TELEPHONE ENGINEERING 


Construction Supervision 
Appraisals—Financial 
Rate Investigations 


1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 
Plans Organizations Estimates 
Financial Investigations Management 


105 West Adams St., Chicago 


To Apply During National Emergency Only 


Modification of and Supplement to 
ATEE Standards No. 45 
“Recommended Practise for Electrical Installations on Shipboard’ 
45A—April 1943—50¢ per copy 


American Institute of Electrical Engineers 
33 West 39th St., New York City 
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“SHORTING” Switches 


This is the shorting type. As the 
armis rotated from one position 
to another the adjacent contact 
points are‘‘shorted" (bridged). 


or 


“NON-SHORTING” 


This is the non-shorting type. S wit ch es 


As the arm is rotated from one 
position to another, the arm 
lifts up, and only one contact 
is touched at a time. 


OTHER SHALLCROSS an, THE No. 4605 

Switches are designed for : = 

see your particular : - AS 4 is one of many Shallcross 
prt Shatrece } anaus yi i a Switches extensively used 

Ten nkbisna: q iy in instruments and in 
Address Dept. C. EH ~~ many other applications. 


“SHALLCROSS ROT RY SELECTOR 
SWITCHES USE SOLID SILVER CONTACTS 
BECAUSE SOLID SILVER... 


1. Has the highest conductivity of materiale 
available. 


2. Is superior to silver-plating which wears off, 
resulting in high resistance contacts. 


3. Should it corrode the sulphide formed does not 
appreciably increase the contact resistance. — 


Accurate Resistors—Switches—Special Equipment a 
_ Special Measuring Apparatus for Production and Rou- 
tine Testing of Electrical Equipment on Military Aircraft 
“eae Vehic m d Weap 


ll MFG. CO. 


COLLINGDALE, PENNA. 


“DE WAIN Dale EB BES? I 


J-S.STAEOTLER,ING. 


53-55 WORTH STREET 


NEW YORK,N.Y. 
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No longer is it necessary to sacrifice range 
and smoothness of control by using antiquated, 
inflexible tap changing devices and heavy wiring 
to control A.C. voltage and power. SECO has 
solved the problem of obtaining a continuous, 
distortionless and simple control of large amounts 
of power. A standard line of MOTOR DRIVEN 
POWERSTATS in sizes up to 75 KVA for single or 
polyphase operation on 115, 230 or 440 volt circuits 
is available. You can select a standard unit for 
your application or where necessary special 
designs can be manufactured to meet your 
requirements. 

Engineered combinations of POWER- 
STAT VARIABLE VOLTAGE TRANSFORMERS 
and a HIGHLY DAMPED SYNCHRONOUS DRIV- 
ING MOTOR of low fundamental speed are the 
answer to efficient, quick, convenient and con- 
tinuous control of power. 


o* 868860 Cee 


STANDARD 
AIR COOLED POWERSTAT 


For more than five years Superior 
Electric Company has specialized in 
continuously variable voltage trans- 
formers and has won the confidence of 
the armed forces and _ industry. 
Investigate powerstat variable trans- 
formers for your control problem. Stand- 
ard types are manufactured for single or 
epee operation on 115, 230, or 440 
volts. 


SECO AUTOMATIC 
VOLTAGE REGULATOR 


Incorporating a Syn- 
chronous Motor Drive, Seco 
distortionless automatic 
voltage regulators deliver 
constant output voltage with 
variations of applied voltage 
and frequency. The output 
is unaffected by changes in 
power factor or magnitude of 
load. Available in sizes up 


to 75 KVA. 


SEND FOR BULLETINS 149EE (POWERSTAT) AND 163EE (REGULATOR) 


SUPERIOR ELECTRIC COMPANY ~ 


70 LAUREL STREET BRISTOL, CONNECTICUT 
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PIONEER MANUFACTURER OF 


TRANSFORMERS, REACTORS AND RECTIFIERS 
FOR ELECTRONICS AND POWER TRANSMISSION 
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NE of Marconi’s headaches 

in the earlier development 
of long distance wireless com- 
munication was the lack of suit- 
able transformers. It is, there- 
fore, significant that he chose 
transformers manufactured by 
the AMERICAN TRANSFORMER 
Company for the Nova Scotia 
station that sent his famous first 
message. Then only one year 
old, this Company had already 
acquired a reputation for solving 
the most difficult transformer 
problems. This is only one of 
the many historic applications 
of electric power in which 
AMERTRAN has beena participant. 


Today, startling improvements 
are being incorporated in our 
products as a result of field re- 
ports of war service from the 
poles to the tropics. Many years 
of experience are being com- 
pressed into a few months. De- 
tails regarding these new econo- 
mies, new characteristics, higher 
efficiencies with war-born rug- 
gedness and ease of installation, 
will be revealed when peace 
comes. Meanwhile, the full pro- 
duction of our factories is being 
devoted to the war effort. 


AMERICAN 
TRANSFORMER COMPANY 
178 EMMET STREET . NEWARK, N. J. 


MANUFACTURING SINCE 1901 AT NEWARK, N, J, : 
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